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Editorial 


The  Conference  on  Ion  Implantation  Technology  held  in  the  University  of  Surrey,  Guildford 
from  July  30th  to  August  3rd,  1990  was  the  eighth  in  a  series  of  conferences.  It  was 
co-sponsored  by  the  Institute  of  Physics  (UK)  and  the  University  of  Surrey,  together  with  a 
large  number  of  other,  mainly  industrial,  sponsors  from  many  countries.  It  is  worth  noting  that 
the  first  conference  in  this  series  has  been  attributed  to  Salford  in  1977  which  in  fact  was  also 
sponsored  and  organised  by  the  Institute  of  Physics  and  the  Universities  of  Salford  and  Surrey 
with  the  proceedings  published  as  Low  Energy  Ion  Beams  in  the  Institute  of  Physics  Con¬ 
ference  Series  (no.  38)  in  1978.  Subsequently  conferences  were  held  in  Trento  (1978),  Kingston 
(1980),  Berchtesgaden  (1982),  Burlington  (1984),  Berkeley  (1986)  and  Kyoto  (1988). 

The  scope  of  the  conference,  as  always,  was  broad  with  no  parallel  sessions,  and  was  divided 
into  eight  oral  and  three  poster  sessions.  The  conference  began  with  overviews  of  the 
applications  of  ion  implantation,  both  looking  back  and  to  the  future.  The  subsequent  sessions 
then  dealt  with  problems  of  real-time  processing,  throughput  and  yield,  and  developments  of 
ion  sources,  beam  transport  systems  and  advanced  machines.  New  applications  of  ion  implan¬ 
tation  into  semiconductors  and  future  trends  completed  the  technical  coverage  of  the  con¬ 
ference. 

About  350  people  attended,  some  250  of  whom  came  from  32  countries  other  han  the  UK, 
There  were  54  oral  papers  presented.  14  of  them  invited,  plus  200  poster  papers,  ensuring  that 
the  technical  content  of  the  conference  was  well  covered.  A  special  feature  was  the  guest  lecture 
by  J.H.  Freeman,  of  ion  source  fame,  who  spoke  on  Ion  Beams  in  Retrospect,  which  was  a 
fascinating  look  back  on  the  development  of  the  subject  of  this  conference.  Several  other 
activities,  characteristic  of  these  conferences,  were  included  at  Guildford.  A  three-day  School 
on  Ion  Implanirttion  Science  and  Technology  was  held  immediately  before  the  conference, 
26th-28th  July,  which  attracted  over  100  participants.  During  the  conference  there  was  a  most 
impressive  exhibition  in  the  Great  Hall  of  the  University  with  37  exhibitors  demonstrating  their 
recent  products  to  a  very  interested  audience. 

The  success  of  the  conference  was  due  to  the  enthusiasm,  not  only  of  the  organising  and 
programming  committees  headed  by  the  Chairman  and  Co-Chairman,  the  Conference  Secre¬ 
tary  and  his  secretary,  but  also  to  the  enthusiastic  cooperation  of  the  participants  and  the 
members  of  the  International  Committee  who  ensured  that  there  was  generous  financial  and 
other  support  from  22  companies,  and  other  organisations,  including  Elsevier  Science  Pub¬ 
lishers,  whilst  CEl-Europe/Elssviei  provided  prizes  for  the  best  poster  in  each  session. 

There  were  of  course  many  others  w'ho  contributed  to  ensure  that  IIT’90  ran  smoothly,  both 
technically  and  socially;  these  included  many  colleagues  both  in  the  Department  of  Electronic 
and  Electrical  Engineering  and  elsewhere  in  the  University,  their  relatives  and  friends. 

In  producing  these  proceedings  the  guest  editors  need  to  acknowledge  the  freely  given  help 
of  the  many  referees  and  the  response  of  the  authors  to  requests  for  revisions  as  well  as  the 
support  of  the  staff  of  the  publishers,  North-Holland  Physics.  However,  this  help  would  have 
been  of  no  avail  but  for  the  support  provided  by  Brenda  Kirk  and  Jan  Whitcombe  who  coped 
admirably  with  the  demands  of  five  guest  editoia. 

The  next,  9th  Conference  in  the  series  will  be  held  in  1992  at  the  University  of  Gainesville, 
Florida,  at  a  time  to  be  decided,  under  the  joint  chairmenship  of  Kevin  Jones  and  Geoff 
Ryding. 


K.G.  STEPHENS 
for  the  Guest  Editors 
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special  invited  talk:  Ion  beams  in  retrospect 

’ 

The  implantation  of  semiconductor  devices  as  a  manufacturing  routine  is  a  relatively  recent 
development.  But  there  is  a  much  longei -stand  ig  tradition  of  scientific  interest  in  the 
production  of  focussed  beams  of  hea\  v  ions  and  in  the  various  ways  in  which  they  interact  with 
surfaces.  This  has  its  origins  in  Goldstein's  1886  description  of  “Kanalstrahlen”  in  an  electric 
discharge.  However,  the  real  significance  of  this  -  almost  inadvertent  -  observation  of 
collimated  beams  of  energetic  ions  only  became  apparent  in  T-  '  when  J.J.  Thomson  described 
the  detailed  behaviour  of  such  “positive  rays”  in  his  parabola-ray  apparatus.  He  gave  a 
convincing  explanation  of  the  phenomenon  of  ionisation  and  he  provided  a  pioneering  account 
of  ion  implantation  when  he  noted  that:  “some  of  the  atoms  constituting  the  positive  rays  seem 
to  enter  a  metal  against  which  they  strike  and  either  combine  with  the  metal  or  get  absorbed  by 
It”.;  The  intensity  of  these  ion  beams  was  evidenced  by  his  description  of  the  extent  of  the 
“spluttering”  in  his  apparatus,  as  well  as  by  his  report  of  the  effects  of  ion  bombardment  in  the 
presence  of  reactive  gases.  Despite  these  striking  observations,  the  overwhelming  interest  in 
beams  of  heavy  ions  in  me  following  years  was  directed  to  the  development  of  mass 
spectrometers  for  studies  of  isotope  abundance  and  atomic  weight.  Although  a  nu.nber  of 
groups  did  in  fact  achieve  the  mass  separation  of  small,  but  measurable,  amounts  of  various 
isotopes  during  the  1930s,  the  first  major  advance  in  heavy-ion  accelerators  resulted  from  the 
requirements  in  the  United  States  in  the  early  1940s  for  substantial  quantities  of  highly 
enriched  '  U.  Under  the  inspired  direction  of  E.O.  Lawrence  this  led  to  a  programme  of 
machine  development  on  a  quite  unprecedented  scale.  It  resulted  in  the  construction  of  over 
1000  massive  electromagnetic  isotope  separators  (“calutrons”)  each  with  an  ion  beam  capability 
of  tens  or  even  hundreds  of  milliamperes.  Although  this  enterprise  ended  in  1945  when 
diffusion  was  chosen  as  the  preferred  route  for  uranium  enrichment,  a  small  number  of  the 
calutrons  remained  in  use  to  meet  the  nuclear  physics’  needs  for  modest  quantities  of  an 
extensive  range  of  isotopically  enriched  nuclides.  This  same  requirement  also  led  to  the 
construction  of  a  variety  of  low-current,  heavy-ion  accelerators  elsewhere,  notably  in  Europe. 
To  a  large  extent  it  is  these  ion-source  and  accelerator  developments  which  provided  the 
foundation  for  the  now  commonplace  use  of  intense  beams  of  heavy  ions  in  indu;  trial-scale 
implantation. 


J.H.  FREEMAN 
British  Embassy.  35  Rue  du  Faubourg  St.  Honore,, 
75383  Pans  Cedex  08,  France 
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Section  I.  Overviews 

Ion  implantation  in  bipolar  technology  * 

Chris  Hill  and  Peter  Hunt 

P/essey  Reseanh  Caswell  Lid ,  Caswell,  Toweesier,  Northants  NS  12  8EQ,  UK 


Over  the  past  15  years,  ion  implantation  has  increased  its  role  in  advanced  bipolar  integrated  circuit  technology  from  zero  to 
80-90%  of  the  doping  steps  The  history  of  this  change  is  bnefly  described,  and  the  technical  reasons  for  fabrication  of  each 
component  using  ion  implantation  are  discussed.  Dunng  the  next  decade,  considerable  further  improvements  in  speed  and  packing 
density  of  bipolar  integrated  circuits  will  be  achieved  by  the  adoption  of  novel  structures  and  materials.  Some  likely  applications  of 
ion  implantation  in  this  context  are  descrbed 


1. '  Introduction 

Ion  implantation  was  a  doping  technique  with  many 
years  experience  behind  it  when  it  first  started  to  be 
used  in  integrated  circuit  fabrication  in  the  early  1970s 
The  basic  science  and  engineering  required  to  build 
machines  of  high  doping  uniformity  and  purity,  and  the 
materials  science  of  fabrication  of  MOS  and  bipolar 
devices  were  all  well-established  prior  to  1970.  and 
successful  devices  had  been  demonstrated.  All  this  nec¬ 
essary  science  and  engineering  infrastructure  was  funded 
not  by  the  semiconductor  industry,  but  mainly  by 
Government  funded  programmes  in  the  UK  and  USA 
as  a  spin-off  from  the  mass-separator  and  ton-defect 
programmes  associated  with  the  development  of  nuclear 
poVver.  The  capital  cost  and  novelty  of  ion  implantation, 
and  the  adequacy  of  che.-nical  deposition  techniques  for 
the  low  complexity  circuits  then  fabricated,  delayed 
incorporation  of  ion  implantation  into  IC  technology 
until  the  mid-70s.  Once  incorporated  in  process  lines, 
the  technique  rapidly  found  many  applications  To  un¬ 
derstand  how  this  happened  in  bipolar  technology,,  this 
paper  briefly  describes  some  characteristic  features  of 
the  bipolar  transistor  (section  2),  the  increasing  impor¬ 
tance  of  ion  implantation  in  the  evolution  of  bipolar 
technology  to  date  (section  3),  the  advantages  and  di.s- 
advantages  of  ion  implantation  in  fabricating  each  re¬ 
gion  of  the  bipolar  circuit  (section  4)  and  lastly  some 
exciting  new  possibilities  for  ion  implantation  in  future 
bipolar  technologies  (section  5). 

2.  Characteristics  of  the  bipolar  transistor 

The  bipolar  transistor  is  a  three-terminal  current 
valve  in  which  the  current  flow  between  the  semicon- 

*  Invited  paper. 


ductor  emitter  and  collector  regions  is  controlled  by 
modulating  the  potential  barriers  associated  with  an 
intervening  narrow  base  region  of  opposite  semiconduc¬ 
tor  type.  Schematic  diagrams  of  a  basic  n-p-n  tran¬ 
sistor  and  Its  associated  load  resistor  are  shown  in  fig. 
la.  A  voltage  applied  between  emitter  and  collector 
contact  results  m  no  significant  current  flow  until  the 
potential  barrier  of  the  emitter-base  n-p  junction  is 
lowered  by  applying  an  appropnate  voltage  between 
base  contact  and  emitter  Electrons  are  then  emitted 
into  the  p-type  base  region,  across  which  they  diffuse  as 
minonty  carriers  into  the  depletion  layer  associated 
with  the  base-collector  p-n  junction,  where  the  junc¬ 
tion  field  accelerates  then  into  the  collector.  Ideally,  no 
current  flows  in  the  control  loop  (base-emitter),  but  in 
real  devices  some  holes  always  recombine  with  elec¬ 
trons.  either  in  the  base  itself,  in  the  oxide-.semiconduc- 
tor  interface,  in  the  emitter-base  depletion  region,  or  in 
the  emitter  This  gives  rise  to  a  small  hole  current  i  (fig. 
lb).  An  important  parameter  of  a  bipolar  transistor  is 
the  current  gain,  the  ratio  of  the  output  current  /  to  the 
control  current  /.  Typical  steady  state  values  of  gain  are 
50-2(X).  High  values  of  gain,  especially  for  low  values  of 
It  are  necessary  for  efficient  low  power  bipolar  circuits, 
and  this  requires  optimised  vertical  dopant  distribution 
profiles  in  emitter,  base  and  collector,  a  low  density  of 
recombination  at  surfaces  and  m  the  bulk,  and  high 
quality  p-n  junctions. 

Switching  speed  is  of  paramount  importance  in  bi¬ 
polar  transistors  since  this  is  their  main  advantage  over 
MOS  transistors.  The  switching  speed  is  determined  by 
the  total  time  taken  to  ti.;ister  charge  backwards  and 
forwards  across  the  device,  and  this  is  made  up  of  a 
number  of  weighted  time  constants  (t  =  wRC)  associ¬ 
ated  with  the  resistance  R  and  capacitance  C  of  various 
components  of  the  structure  (fig.  Ic).  plus  the  transit 
time  /(  for  electrons  to  cross  the  base  region.  The  whole 
history  of  improvement  in  switching  speed  in  bipolar 
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Fig.  1  Schematic  sections  through  a  simple  VLSI  bipolar 
transistor  and  load  resistor,  showing  (a)  the  distribution  of  the 
doped  regions,  (b)  the  current  flows  and  depletion  layers 
(hatched)  under  forward  bias  conditions,  and  (c)  the  resis¬ 
tances  and  capacitances  arising  from  the  doped  .silicon  regions 
and  the  depletion  layers,  respectively,  which  contnbute  RC 
time  delays  to  the  speed  with  which  the  transistor  can  be 
switched  on  and  off 

circuits  has  been  associated  with  reducing  these  three 
pdiainciers  R,  C  and  if. 

The  fabr'cation  techniques  universally  used  for  bi¬ 
polar  tran.s’stors  (fig.  la)  give  intrinsicaL’y  low  transit 
times  If,  because  of  the  narrow  base  widths  attainable 
by  controlling  the  vertical  spacing  of  emitter,  ba.se  and 
collector  through  controlling  the  vertical  dopant  profiles 
which  con.stitute  these  regions.  Thus,  base  widths  in 


bipolar  devices  have  never  been  tied  to  photohtho- 
graphic  resolution,  as  the  equivalent  dimension,  channel 
length,  has  always  been  in  MOS  devices,  typically  base 
widths  have  remained  a  factor  of  ten  smaller  than  MOS 
channel  lengths.  At  very  high  switching  speeds,  the  gain 
of  bipolar  devices  falls,  and  a  convenient  figure  of  merit 
IS  the  unity  gain  frequency  at  which  I/i  =  1.  Very 
roughly,  an  optimised  circuit  can  be  usefully  run  at 
clock  speeds  of  about  /x/lO. 

An  important  consequence  of  the  narrow  base  re¬ 
gions  of  bipolar  devices  is  their  sensitivity  to  vertical 
line  defects  [2].  By  acting  either  as  rapid  diffusion 
routes  for  emitter  dopant  or  as  precipitation  sites  for 
metals,  one  such  defect  can  electrically  short  emitter  to 
collector,  destroying  transistor  action.  The  short  transit 
times,  also  mean,  however,  that  bipolar  devices  can  be 
very  tolerant  of  recombination  centres  within  the  base 
region. 

3.  Implantation  in  bipolar  technology  1970-1990 

Although  Shockley  patented  the  concept  of  forming 
the  bipolar  base  by  ion  implantation  as  early  as  1954 
[3],  the  first  decade  of  planar  bipolar  integrated  circuits 
development  (1965-1975)  proceeded  almost  entirely 
without  the  use  of  implantation.  A  transistor  structure 
characteristic  of  the  end  of  this  era  is  shown  in  fig.  2a. 
All  the  selectively  dopeo  a.'eas  were  fabricated  by  a 
chemical  deposition  of  dopant  (usually  in  compour  ' 
form)  followed  by  a  higher  temperature  “driven-ii. 
stage  in  which  the  dopant  penetrated  laterally  and  veri.- 
cally  into  the  single  crystal  silicon.  This  approach  is 
adequate  and  cost  effective  (and  still  used)  where  geom¬ 
etries  are  undemandingly  large  {>3  pm)  and  base 
widths  are  sufficiently  wide  (>0.5  pm)  that  doping 
variations  do  not  significantly  change  the  base  width 
The  need  for  implantation  arose  when  attempts  to  fur¬ 
ther  increase  fj  from  0.7  GHz  by  narrowing  the  boron 
base  under  a  phosphorus  emitter  resulted  in  irrepro- 
ducible  high  resistance  bases  [4],  resulting  from  base 
compensation  by  a  fast-diffusing  phosphorus  “tail”  in 
the  emitter  profile  [5],  It  was  already  known  that  this 
effect  could  be  avoided  by  the  use  of  high  concentration 
arsenic  emitters  using  either  a  solid  arsenic  doped 
germanosilicate  glass  [6)  or  a  metallic  arsenic  vapour  [  7] 
as  doping  source.  These  techniques  were  not  satisfac¬ 
tory  for  production;  however,  ion  implanted  arsenic 
emitters  were  satisfactory,  if  followed  by  a  high  temper¬ 
ature  heat  treatment  to  anneal  the  damage,  to  move  the 
emitter-base  junction  away  from  the  implanted  region 
by  solid  state  diffusion,  and  to  create  the  steep-fronted 
arsenic  depth  profile  charactenstic  of  high  concentra¬ 
tion  arsenic  diffusion  [8].  The  availability  of  commercial 
ion  implanters,  developed  initially  in  Government 
laboratories  as  a  spin-off  from  the  large  UK  and  USA 
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Fig  2,  Schematic  sections  through  silicon  integrated  circuit  bipolar  transistor  structures,  showing  the  evolution  of  the  structures  over 
the  first  15  years  and  the  gradual  incorporation  of  ion  implantation  for  fabricating  the  doped  regions  (A)  Structure  typical  of  the 
mid-1970s.  (B)  structure  typical  of  the  eaily  1980s  and  (C)  a  1989  one-micron  feature  size  structure  Numbered  regions  are  those 
doped  by  ion  implantation  (1)  polysilicon  emitter  (As),  (2)  channel  stop  (B),  (3)  base  (B);  (4)  buried  n  +  collector  (As);  (5)  collector 

contact  (P):  (6)  polysilicon  resistor  (P  or  As);  (7)  base  contact  (B) 
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Table  1 

Summary  of  the  incorporation  of  lon-implanted  doped  regions  into  silicon  bipolar  integrated  circuit  technology  The  table  shows  each 
region  of  the  transistor,  the  dopant  used,  the  approximate  implant  energy  range  and  dose  range,  the  typical  date  of  incorporation  and 
the  fiequency  of  usage  of  implantation  m  modern  process  technology. 


Table  2 

Characteristics  and  advantages  of  implantation  as  a  doping  source  for  each  region  of  the  bipolar  integrated  circuit,  as  compared  with 
the  alternative  chemical  sources  shown  The  size  of  the  plus  and  minus  signs  indicates  the  relative  advantage  or  disadvantage  of 
implantation;  zero  indicates  no  advantage  or  disadvantage. 
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mass-separator  programmes  of  the  40s  and  50s  [9], 
enabled  production  processes  incorporating  arsenic 
emitters  to  appear  in  the  late  seventies.  A  crucial  devel¬ 
opment  for  this  application  was  the  development  of  the 
stable  high  current  Freeman  ion  source  [lOJ.  which 
made  the  high  implantation  doses  required  by  emitters 
(5  X  10'^-2  X  lO'^  ions/cm^)  a  commercial  possibility. 

Once  implantations  were  installed  in  process  lines, 
and  damage  annealing  techniques  were  established,  the 
advantages  of  ion  implantation  for  doping  other  regions 
was  discovered.  In  parallel  with  this,  other  aspects  of 
bipolar  technology  had  been  changed  to  achieve  higher 
speeds  and  packing  densities  so  that  a  typical  transistor 
of  the  early  80s  was  as  shown  in  fig.  2b.  The  emitter  is 
still  arsenic-implanted,  but  the  implant  is  into  a  poly- 
silicon  overlayer  from  which  out-diffusion  into  the  single 
crystal  occurs  during  anneal,  thus  enabling  very  shallow 
emitter  regions  of  low  edge  capacitance  to  be  fabricated 
independently  of  impact  energy  and  damage.  An  im¬ 
planted  base  allows  even  narrower  base  widths  to  be 
achieved  reproducibly.  Recessed  oxide  isolation,  replac¬ 
ing  traditional  p-n  junction  isolation,  reduces  capaci¬ 
tance  Q,  and  increases  packing  density.  Ion  implanta¬ 
tion  made  this  important  change  possible,  by  facilitat¬ 
ing  the  fabrication  of  a  precisely  doped  channel  stop 
region  under  the  oxide,  which  prevented  the  occurrence 
of  n-type  surface  channels  in  the  silicon  substrate 
material  adjacent  to  the  oxide  Segregation  of  boron 
during  thermal  oxidation  and  the  polarity  of  o.side 
charge  favour  the  formation  of  such  channels  in  p-type 
substrates  doped  below  lO'Vcm'. 

Considerable  further  development  during  the  80s  has 
resulted  m  modern  structures  similar  to  that  shown 
schematically  in  fig.  2c.  Use  of  self-alignment  tech¬ 
niques  m  emitter,  base  and  isolation,  and  the  addition 
of  an  implanted  boron  polysilicon  base  contact,  pro¬ 
duces  a  very  compact,  low  capacitance  emitter-base 
structure.  Ion  implantation  is  used  for  all  the  other 
selective  doping  steps,  i  e.  in  deep  trench  isolation  chan¬ 
nel  stop,  m  buried  n  ^  collector,  in  collector  contact.- 
and  m  polysilicon  resistor  fabncation  The  reductions  in 
device  area,  capacitance  and  resistance  thus  achieved 
enabled  circuits  with  /t  =  12  GHz,  clock  frequency  2 
GHz  and  arrays  of  100000  resistors  to  be  fabricated 
successfully  [11],  A  summary  of  the  introduction  of  ion 
implantation  into  bipolar  component  fabrication,  with 
typical  doses  and  energies  used,  is  given  m  table  1. 

4.  Characteristics  and  advantages  of  ion  implantation  for 
each  region  of  the  modem  bipolar  circuit 

4  1.  Characteristics  and  advantages 

A  summary  of  these  is  given  in  table  2.  The  main 
characteristics  of  a  doping  technique  are  depth,  control. 


dose  control,  autoregistration  capability,-  collimation, 
and  defect  density  produced  overall.  It  can  be  .seen  that, 
as  compared  with  alternative  doping  sources,  ion  im¬ 
plantation  has  considerable  advantages  in  most  char¬ 
acteristics  for  the  fabrication  of  most  bipolar  compo¬ 
nents.  In  particular,  dose  control  and  autoregistration 
capability  are  the  two  characteristics  which  have  en¬ 
sured  the  replacement  of  most  other  doping  methods  by 
ion  implantation.  The  precise  dose  control  not  only 
guarantees  a  reproducible,  transferable  process  for  the 
number  of  ions  in  each  bipolar  component,  but  also, 
through  the  dopant-concentration  dependence  of  solid 
state  diffusion,  guarantees  the  precise  location  of  the 
p-n  junctions.  Autoregistration,  m  which  the  same  pho- 
toengraved  feature  is  used  successively  to  define  several 
selectively  doped  regions,  allows  much  denser  packing 
of  components  than  the  alignment  tolerances  between 
successive  photolithographic  steps  would  normally  al¬ 
low.  Ion  implantation,  being  a  ballistic  rather  than  a 
thermal  doping  technique,  allows  the  use  of  organic 
photoresist  layers  as  sacrificial  doping  barriers,  thus 
enormously  simplilying  self-alignment  strategies.  In  ad¬ 
dition  to  these  general  advantages,  there  are  aspects  of 
ion  implantation  particular  to  each  component  fabrica¬ 
tion.  examples  of  which  will  now  be  briefly  described. 

4.2  Trench  isolation 

The  deep  oxide-filled  trenches  shown  in  fig.  2c  need 
a  channel  stop  region  at  the  bottom  as  shown  The 
collimation  characteristic  of  ion  implantation  is  ideal  in 
this  application,  since  before  filling,  the  deep  narrow 
trench  can  be  precisely  doped  at  its  base  by  a  boron 
implant  at  90°  to  the  wafer  surface  The  defects  created 
by  this  implant  have  to  be  very  carefully  controlled, 
however,  since  they  are  well  placed  to  act  as  dislocation 
sources  if  mechanical  stresses  act  on  the  trench  region 
Such  stresses  arise  inevitably  from  the  trench-filling 
processes  and  a.ssociated  heat  treatments.  With  careful 
engineering  of  dose,  energy  and  anneal,  an  adequate 
dislocation-free  channel  stop  can  be  fabricated  [12], 

4.J.  Base  region 

In  this  case,  the  collimation  characteristic  of  ion 
implantation  is  unwanted,  and  can  give  n.se  to  different 
lateral  penetration  distances  on  either  side  of  the  base 
implant  window  [13]  This  occurs  because,  in  order  to 
avoid  channelling  down  major  crystal  directions,  the 
implant  beam  is  usually  misaligned  with  the  wafer 
surface  normally  by  a  few  degrees.  Line-of-sight 
shadowing  by  one  mask  edge  but  not  by  the  other  can 
then  produce  lateral  spreads  in  ratios  up  to  1.8  (fig.  3). 
The  depth  control  of  ion  implantation,  coupled  with  its 
easy  self-alignment  can,  however,  be  used  to  great  effect 
in  achieving  very  narrow  reproducible  base  regions,  as 
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Fig  3  Fxpcrimtfnially  measured  two-dimensional  depth  distri¬ 
butions  of  boron  after  implantation  at  7°  to  the  surface 
normal  through  a  window  in  the  masking  layers  shown  The 
boron  concentration  contours  cover  the  range  I  V  10'“* 
atom/cm'  (1)  to  1  x  lO'*  atorn/cm'  (6)  The  difference  in 
lateral  penetration  of  dopant  beyond  the  right  and  left  hand 
mask  edges  i«  0  I  (cm 


shown  in  fig,  4  The  natural  shape  of  the  boron  implant 
profile,  which  in  a  single  crystal  matrix  alw'ays  has  some 
channelled  tail,  prevents  unlimited  reduction  of  base 
width  by  simply  reducing  implant  energy.  However,  by 
implanting  a  precisely  placed  dose  of  phosphorus 
through  the  emitter  window,  the  critical  region  of  the 


0  Depth  (microns)  0  8 

Fig  4.  Concentration-depth  profiles  through  the  emitler- 
ba.se-colleclor  region  of  a  high  performance  bipolar  transistor 
showing  the  use  of  a  buried  phosphorus  implant  to  electrically 
compensate  the  channelled  tail  of  the  boron  base  implant  and 
so  obtain  a  narrower  base  region  The  carrier  concentration 
profiles  in  the  arsenic-implanted  polysilicon  plus  single  crystal 
n-lype  emitter  region,  the  boron  implanted  p-type  base  region, 
and  the  epitaxial  n  collector  arc  shown  by  bold  lines,  the 
compensating  phosphorus  implant  is  shown  by  a  light  doited 
line.  For  comparison,  the  bold  dotted  line  shows  the  carrier 
profiles  m  the  base-collector  region  in  an  unimproved  device 
(after  Wilson  (14]). 


boron  tail  profile  can  be  electrically  conipen.sated.  thus 
effectively  narrowing  the  base  region  with  little  los.s  of 
total  integrated  base  electrical  do.se  This  technique  ha.s 
been  used  to  increase  /,  from  12  GHz  to  20  GHz  with 
little  deleterious  effect  on  other  circuit  properties  (14). 

4  4  Emitter  region 

As  can  be  seen  from  table  2.  the  main  advantage  of 
ion  implantation  is  the  precise  control  of  a  high  do.se  of 
arsenic.  In  modern  devices,  this  implant  is  into  poly- 
silicon.  and  the  final  depth  of  the  n  -p  junction  is 
determined  by  the  .solid  state  diffusion  occurring  in 
emitter  (arsenic)  and  base  (boron)  regions  during  the 
emitter  anneal.  This  approach  to  shallow  junction  for- 
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Fig  5  Time-temperature  map  .showing  the  region  for  .''u!l 
anneal  ol  a  40  keV  low  dose  boron  implant  superimposed  on 
curves  giving  the  loci  of  time-  temperature  schedules  which 
redistribute  a  40  keV  arsenic  implant  by  the  diffusion 
distances  O'fbt)  .shown  The  numbered  locations  1-3  show 
typical  heat  treatments  used  in  emitter- base  anneal  as  bipolar 
technology  has  evolved;  location  4  shows  the  subsecond  heat 
treatment  necessary  to  anneal  future  narrower  bases,  if  direct 
implantation  of  boron  is  still  used  (after  Hill  (15j) 
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mation  is  increasingly  favoured,  and  base  contact  (boron 
in  polysilicon  or  silicide)  and  even  the  base  itself  (co- 
diffusion  of  arsenic  and  boron  from  polysilicon)  are 
being  seriously  investigated.  The  reason  for  this  is  the 
increasingly  difficulty  of  removing  implant  anneal 
damage  while  restricting  broadening  of  the  narrow 
emitter  and  ba.se  regions  by  solid  state  diffusion.  The 
different  activation  energies  of  anneal  and  diffusion 
have  enabled  rapid  thermal  annealing  to  solve  this 
problem  for  present  technology  (location  3,  fig.  5),  but 
shorter  anneal  times  are  probably  impractical.  Using 
the  implant  to  achieve  a  precise  dose,  and  trapping  the 
implant  defects  within  a  polycrystalline  overlayer,  is  a 
very  attractive  alternative. 

S.  Ion  implantation  in  future  bipolar  development 

Analysis  of  the  contributions  to  delay  in  switching  of 
modern  bipolar  integrated  circuits  [11.16]  shows  that 
the  major  time  delays  are  in  the  extrinsic  components, 
particularly  in  the  resistance-capacitance  products  a.s-' 
sociated  with  the  load  resistance  /?|  and  the  extrinsic 
collector  capacitance  Q-j  and  load  capacitance  C,  . 
Evolutionary  improvements  in  these  time  delavs  will 
arise  mainly  from  decreasing  component  areas  as  pack¬ 


ing  densities  increase,  and  a  proposed  future  technology 
based  on  half-micron  feature  sizes  and  oxide-isolated 
collector  contact  with  a  total  device  area  of  4  pm'  is 
expected  to  have  a  unity  gain  frequency  /,  of  30-35 
GHz  [llj.  The  role  of  implantation  will  still  be  essen¬ 
tially  that  shown  for  the  one-micron  device  of  fig.  2c'. 

Future  improvements  are  possible,  both  in  simplifi¬ 
cation  of  the  bipolar  technology  and  in  even  faster 
switching  circuits,  using  novel  technologies.  One  sim¬ 
plification  is  the  replacement  of  the  implanted  collector 
plus  epitaxial  silicon  overgrowth,  by  a  diiectly  im¬ 
planted  collector  into  the  silicon  substrate  In  the  past, 
the  combination  of  high  dose  (5  x  10‘'  lon.s/cm')  and 
high  energy  (5  MeV  phosphorus)  required  ruled  out  this 
approach.  The  lateral  shrinkage  of  device  geometries 
below  one  micron  has  reduced  b<Mh  dose  and  energy 
requirements  to  a  level  that  can  be  achieved  using 
recently  developed  MeV  implanters,  as  shown  in  table 
3.  The  reduction  in  implant  energy  follows  from  the 
vertical  shrinkage  of  the  device  implemented  to  achieve 
higher  switching  speeds.  The  large  reduction  in  dose 
shown  in  table  3  ari.ses  from  the  lessening  influence  of 
collector  resistance  R(-  on  device  speed  as  compared 
with  the  load  resistance  which  must  increa.se  a.s 
operating  currents  decrease  to  maintain  the  same  output 
signal.  Very  low  current  circuit  designs,  as  CML  (cur- 


Table  .1 

Factors  dcterm.nmg  the  implant  dose  and  energy  required  to  fabneute  a  phosphorus  buried  n  ‘  collector  by  direct  implantation  in 
three  different  bipolar  circuit.s  As  operating  currents  decrease,  the  value  of  load  resistance  to  generate  a  required  signal  voltage 


mcrea.ses,  thus  enabling  the  re,sistance  of  the  buried 

n  '  collector  in  series  to  also  increase  with 

no  significant  performance  penalty. 

Parameter 

Circuit  type 

High  speed 

Emitter-coupled  logic 

Low  power 

Current-mode  logic 

Cieometry 

one 

micron 

half 

micron 

half 

micron 

Emitter-collector  current  [niA| 

1 

0.1 

0  03 

Signal  voltage  F,  (Vj 

06 

06 

0.2 

Load  resistor  R [  (HJ 

600 

2000 

6667 

Total  allowable  collector  series 
resistance  R[  =0  3Ri  [B] 

180 

600 

2rX)0 

Epitaxial  collector  resistance  R,  [B| 

50 

300 

300 

Collector  contact  resistance  R,  [B] 

2 

2 

2 

Maximum  allowable  buried  collector 
resistance  R,  (  =  R(  -  R,  -  R,)  [fl] 

128 

298 

1698 

Maximum  allowable  buried  n  * 
sheet  resistance  5  [B/'d] 

128 

298 

1698 

Implant  conditions  to  fabricate  a  buried  n  layer 
with  the  above  5  value  underlying  a  surface  region  04  jim 
deep  with  dopant  concentration  <  5  x  lO'Vcfu'- 
Pho.sphorus  dose  [lons/cm^] 

Energy  [keV] 

IXIO'5 

800 

3x10'“ 

700 

7x10'’ 

600 
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F)g.  6  A  possible  future  minimum  resistance  and  capacitance 
bipo'ar  transistor  structure  capable  of  switching  speeds  up  to 
50  GHz  Regions  likely  te  be  implanted  are  (1)  polysilicon 
emitter,  (3)  base  region.  (4)  buried  silicide  collector,  (7)  base 
contact  and  (8)  oxide  isolation  (SIMOX).  After  Hunt  (11). 

rent  mode  logic)  will  favour  the  direct  implant  buried 
n*'  approach. 

Faster  switching  speeds  will  require  further  minimi¬ 
sation  of  capacitances,  and  a  radically  different  techno¬ 
logical  approach  A  pos:-ble  implementation  is  shown 
m  fig.  6  [11],  in  w'hich  all  the  silicon  doping  steps  and 
two  compound  synthesis  steps  can  be  carried  out  by  ion 
implantation  and  suitable  anneals.  The  p-n  junction 
areas  are  reduced  to  the  minimum  required  for  bipolar 
switching,  and  oxide  isolation  is  used  throughout.  The 
device  area  is  reduced  by  a  buried  base  contact  and 
buried  silicide  collector  contact.  Fabrication  could  in¬ 
volve  oxygen  implantation  to  create  the  back  oxide 
isolation,  cobalt  implantation  to  produce  buried  silicide, 
and  .selective  epitaxy  in  an  oxide  well  to  create  lateral 
oxide  isolation.  Emitter-ba.se  fabrication  could  well  be 
a  single  step  operation  by  vertical  solid  state  diffusion 
from  an  arsenic  and  boron  implanted  polysilicon  layer, 
while  lateral  diffusion  from  a  boron  implanted  polysili¬ 
con  layer  into  the  epitaxial  material  creates  the  base 
contact.  Such  a  device  should  achieve  fj  values  of  50 
GHz  (llj. 

6.  Conclusions 

Ion  implantation  has  found  an  increasingly  compre¬ 
hensive  and  diverse  role  in  selective  doping  in  in¬ 
tegrated  circuit  bipolar  technology,  and  will  continue  to 


do  so  for  the  forseeable  future.  Bipolar  technologies  of 
the  next  decade  may  w'ell  incorporate  MeV  implanta¬ 
tion  and  implanted  compound  synthesis  of  Si02  and 
CfSi^.  In  .shallow  junction  fabrication,  implantation 
into  overlayers  to  combine  the  precise  dose  of  implanta¬ 
tion  with  the  defect-free  steep  p-n  junctions  character¬ 
istic  of  high  concentration  diffusion  from  a  polycrystal¬ 
line  source  will  probably  be  favoured. 
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Application  of  ion  implantation  in  submicron  CMOS  processes  * 
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Ion  implantation  is  an  essential  technology  for  the  development  of  submicron  CMOS  processes  The  most  important  applications 
of  ion  implantation  in  a  CMOS  process  are.  (1)  well  formation,  (2)  threshold  voltage  control  of  MOS  active  and  parasitic  transistors. 
(3)  dram  engineering  of  transistor,  (4)  formation  of  n*,,  p*  areas.  (5)  breakup  of  native  oxides  by  ion  mixing  and  (6)  doping  of 
3-dimensional  structures  like  DRAM  cells.  Recent  developments  in  these  topics,  which  are  reviewed  in  this  paper,  include 
optimization  work  based  on  conventional  implantation  technology  as  well  as  new  implantation  techniques  like  MeV  implantation, 
parallel-scan  implantation  and  large-tilt-angle  implantation 


I.  Introduction 

Ion  implantation  is  used  for  most  doping  steos  in 
VLSI  The  scaling  of  CMOS  devices  into  the  oeep 
submicron  range  sets  new  challenges  for  the  optimiza-' 
tion  of  implantation  technology.  The  design  rules  of  16 
Mbit  DRAMs,  which  are  now  in  pilot  production,  have 
moved  down  to  0..5-0  6  pm.  All  impurity  doping  steps 
(see  fig.  1)  have  to  be  optimized  to  improve  device 
performance,  particularly  isolation  and  transistor  per-, 
formance.  The  development  of  3-dimensional  DRAM 
cells  requires  the  implantation  doping  of  3-dimen.sional 
structures. 

This  paper  reviews  the  most  important  applications 
of  ion  implantation  in  modern  CMOS  processes  and  the 
present  work  on  process  optimization  concerning  im¬ 
purity  doping  and  new  implantation  techniques  in 
CMOS  processes  Furthermore,  defect  problems  in 
CMOS  processes  due  to  implantation  damage  are  di.s- 
cussed. 


2.  Well  formation 

In  CMOS  processes  adjustment  of  bulk  doping  is 
usually  performed  by  the  formation  of  n-  and  p-wells. 
When  designing  the  well  process,  several  device  issues 
have  to  be  taken  into  account.  Surface  concentration 
has  to  be  high  enough  that  sufficient  isolation  for  active 
and  passive  devices  can  be  maintained.  Since  this  is  not 
always  the  case,  additional  shallow  implantations  such 
as  channel  implants  for  active  devices  and  field  im¬ 
plants  for  isolation  areas  may  be  necessary.  Bulk  con¬ 
centration  needs  to  be  at  a  level  to  inhibit  non-surface- 
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controlled  leakage  (punchthrough)  both  in  active  and 
isolation  devices.  Also  vertical  punchthrough  between 
devices  m  a  well  with  opposite  doping  than  the  sub¬ 
strate  and  the  substrate  has  to  be  avoided.  In  DRAMs 
with  depletion-type  trench  capacitors,  especially  high 
p-well  doping  levels  are  necessary  to  suppress 
punchthrough  between  adjacent  trenches  [1]  and  to 
reduce  the  soft  error  late  due  to  alpha  particles  [2]  The 
latch-up  problem  inherent  in  CMOS  technology  has  to 
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Fig  1.  Technology  trends  in  ion  implantation. 
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Fig  2.  Simulated  2D  doping  profile  of  deep  n-well,  and  counter-doped  n-well. 


be  minimized  by  designing  wells  with  low  sheet  rests- 
tances  and  minimum  ji  for  the  parasitic  bipolar  tran¬ 
sistors. 

P-  and  n-wells  can  be  fabricated  in  a  fairly  straight¬ 
forward  fashion  using  two  masking  steps  and  low  im¬ 
plantation  energies  To  achieve  the  required  well  depth.s. 
drive-in  steps  are  performed  at  high  temperature  (1150- 
1190°C).  Several  hours  ate  needed  for  DRAMs  with 
trench  capacitors  because  the  doping  concentration  at 
the  trench  bottom  in  4  pm  depth  has  to  be  more  than 
lO'^’  cm"  In  order  to  reduce  the  mask  count,  self-ad¬ 
justing  technologies  have  been  suggested  (3)  employing 
a  local  oxidation  process.  An  even  simpler  approach  is 
an  unmasked  p-well  implantation  followed  by  the  im¬ 
plantation  of  the  n-well  in  masked  areas,  in  which  the 
n-doping  counterdopes  the  p-well.  creating  a  net  donor 
concentration  between  5  X  lO'*  and  lO'^cm'^  14|.  2D 
simulation  of  the  doping  profile  reveals  the  advantages 
of  this  well  concept  (iig  21  Because  the  n-well  is 
superimpo.sed  on  a  highly  doped  p-well  background, 
well  pn  junctions  are  fairly  abrupt  both  in  the  lateral 
and  in  the  vertical  direction  The  dimension  cf  regions 
with  low  net  doping  (less  than  10''’ cm'  ’  net  c  mcentra- 
tion)  IS  considerably  smaller  than  in  conventionally 
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doped  wells  (0.6  pm  vs  2  pm).  This  permits  tighter 
design  rules  for  n'‘-p*'  spacing  because  no  isolation 
.ea  IS  wasted  with  lowly  doped  well  boundaries  The 
dependence  of  isolation  properties  of  the  n-well  on 
.separation  between  well-edge  and  p'’  junction  are  shown 
in  fig.  3  The  counterdoped  n-well  even  beats  a  very 
shallow  n-well  which  was  driven  in  with  minimum  ther¬ 
mal  budget.  Well  parameters  are  listed  in  table  1.  High- 
temperature  drive-in  steps  can  be  avoided,  if  higher 
implantation  energies  are  used,  MeV  implantation  has 
left  the  development  phase  and  is  now  entering  produc¬ 
tion  [5-8].  Besides  low-temperature  processing,  an  ad- 
ditionial  advantage  consists  of  being  able  to  make  a 
retrograde  doping  profile,  in  which  bulk  concentration 
IS  much  higher  than  surface  concentration.  Using  this 
technology,  highly  doped  layers  can  be  made  under¬ 
neath  field  oxide  for  improved  isolation  and  be  made 
underneath  active  devices  for  reduced  susceptibility  to 
latch-up  [8].  But  also  conventional  or  counterdoped  well 
technologies  can  produce  good  results  with  respect  to 
latch-up  [4]. 

Fig  4  shows  latch-up  data  for  substrate-triggering  of 
p-dopcd  wafers  (refer  to  refs.  [9-11]  for  description  of 
characterization  method).  This  trigger  mechani.'m  is 
dominated  by  the  shunt  resistance  of  the  p-substrate 
and  the  p-well.  Using  thin  epi  can  improve  latch-up 
trigger  currents  by  several  orders  of  magnitude  16  Mbit 
DRAMs  with  deep  p-well  have  a  performance  equiv¬ 
alent  to  8  to  14  pm  epi-substrate. 

Trigger  currents  for  well  triggering  are  shown  in  fig. 
5.  This  trigger  mechanism  is  dominated  by  the  shunt 
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resijitance  of  the  n-well.  Well  trigger  currents  for  con¬ 
ventional  deep  n-wells  are  are  not  much  below  those  of 
MeV-implanted  retrograde  n-wells  down  to  4  gm  n'^-p 
spacing.  Fig.s  4  and  5  compare  own  data  with  results 
taken  from  the  literature  [8].  Is  is  evident  that  carefully 
tuned  conventional  well  technologies  can  be  stretched 
to  realize  n^-p'^  spacings  of  le.ss  than  4  gm,  which  is 
sufficient  for  0.5  gm  CMOS  processes.  For  spacings  less 
than  2  gin,  however,  thin  (2  gm)  epi-substrale  and 
retrograde  wells  will  be  required. 


3.  Threshold  voltage  control.  MOS  active  and  para.sitic 
transistors 

Conventional  poly-buffered  LOCOS  isolation  can 
still  be  u.sed  up  to  the  16  Mbit  DRAM  integration  level 
[12,13]  Maintaining  oxide  thicknesses  of  more  than  200 
nm  becomes  difficult  with  processes  where  isolation 
widths  of  less  than  0  7  gm  are  required.  Satisfactory 
electrical  results  are  shown  in  fig  6  demonstrating  that 


neither  turn-on  of  the  parasitic  field-effect  transistor 
nor  punchthrough  between  adjacent  source/drain  areas 
occurs  down  to  0.7  gm  separations  Due  to  the  different 
segregation  behavior  of  boron  and  phosphorus  during 
oxidation,  boron  concentration  underneath  the  field 
oxide  IS  very  low  whereas  phosphorus  piles  up  on  the 
silicon  side  of  the  interface  For  this  reason  channel-stop 
implantation  is  usually  not  required  for  PMOS  isolation 
areas. 

To  achieve  satisfactory  isolation  in  NMOS  areas, 
additional  channel-stop  implants  are  required.  If  this 
implantation  is  carried  out  before  LOCOS  growth, 
lateral  outdiffusion  will  increase  the  doping  concentra¬ 
tion  in  narrow  active  areas  causing  higher  threshold 
voltages.  This  narrow  width  effect  can  be  eliminated  by 
performing  the  channel-stop  implantation  after  the 
LOCOS  growth  at  higher  energies  (180  keV).  Boron 
atoms  at  this  energy  penetrate  400  to  600  nm  field 
oxide.  Isolation  properties  of  both  doping  techniques 
are  compared  in  fig  6.  The  narrow-width  effect  (fig.  7) 
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Fig.  7  Comparision  of  NMOSFET  narrow-width  effect  for 
two  channel-stop  implantation  techniques:  ■  implantation  be¬ 
fore  LOCOS  growth,  •  implantation  after  LOCOS  growth 
=  0.8  urn.  Fj,  =  3.5  V  and  =  -  1  5  V 


disappears  almost  completely  and  transistors  with  ac¬ 
tive  area  width  of  0.25  pm  can  be  realized  (14J.  Even 
smaller  LOCOS  isolation  can  be  made  when  the  pad 
oxide  IS  scaled  down  further.  A  value  of  0.5  pm  can  be 
acheived  when  a  5  nm  pad  oxide  under  a  50  nm  poly-Si 
film  IS  used  (131.  Fof  increased  integration  densities  like 
64  Mbit  DRAM,,  shallow  trench  isolation  can  be  intro¬ 
duced,  Isolation  properties  have  to  be  adjusted  by  tilt- 
angie  implant  of  trench  sidewalls  [I5,16], 


4.  Drain  engineering  of  transistors 

The  performance  of  submicron  transistors  depends 
on  the  impunty  profile  in  the  vicinity  of  the  dram 
regions.  LDD  transistors  reduce  the  peak  electric  field 
in  the  channel  and  thus  reduce  hot  electron  degradation 
of  NMOS  transistors.  Gate  control  over  n  '-LDD  re- 


b 
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LDD  implant 
at  tilt  angles 
up  to  60" 


Fig.  8  Schematic  drawing  of  (a)  LDD  and  (b)  FOLD  tran¬ 
sistor. 


gions  is  crucial  for  reliability  improvement.  Therefore 
the  shadowing  of  the  LDD  implantation  at  the  gate 
edge,  which  gives  rise  to  asymmetric  transistors  with 
nonoverlap  between  gate  ^nd  source/ drain,  has  to  be 
avoided  by  rotating  the  wafers  at  the  LDD  implantation 
[17],  Optimization  of  deep  submicron  (Lg  =  0,25  pg) 
transistor  reliability  has  led  to  fully  overlapped  LDD 
structures  (FOLD)  (fig.  8)  [18.19]:  The  LDD  implant  is 
performed  at  tilt  angles  up  to  60°.  In  addition  to 
reliability  gains,  current  drive  capability  is  increased 
due  to  the  higher  conductivity  of  the  fully  overlapped 
n“  region.  This  structure  is  also  suitable  to  suppress 
gate-induced  drain  leakage  [20]  which  sets  constraints 
on  deep  submicron  transistors  with  ultrathm  ( <  10  nm) 
gate  oxides. 

Fully  overlapped  LDD  structures  can  also  be 
achieved  with  conventional  implanters  (inverse  T-gate 
process)  without  large-tilt-angle  end  stations:  however, 
this  IS  achieved  at  the  cost  of  enhanced  process  com¬ 
plexity  [21,22], 


5.  n'-,  p-areas  junction  formation 

A  .scaled  CMOS  technology  requires  shallow  source/ 
drain  junctions  Junction  depth  for  0.5  pm  CMOS  tech¬ 
nology  is  approaching  100  nm  or  less  to  prevent 
punchthrough  and  short-channel  effects  Shallow  im¬ 
planted  profiles  can  easily  be  achieved  for  As-doped  n^ 
layers.  However,  shallow  B-doped  p'*^  profiles  can  only 
be  realized  if  the  channeling  of  ions  is  prevented. 
Complete  elimination  of  channeling  is  possible  by  pre- 
amorphization  using  a  Ge  or  Si  implant  prior  to  B"^  or 
BF,*  implantation  [23,24],  Also  preamorphization  by 
implantation  of  F  [25]  or  Sb  [26]  has  been  reported.  The 
integration  of  shallow  implanted  layers  m  a  CMOS 
process  requires  careful  work  on  the  control  of  implan¬ 
tation  damage  [27],  Defects  near  the  shallow  source/ 
dram  junctions  are  detrimenta.  to  device  performance 
The  thermal  budget  for  defect  anneal  has  to  be  kept 
minimal  because  of  dopant  redistribution. 

Therefore,  control  of  imphmtation  damage  is  an 
important  concern  of  process  flow  and  optimization  of 
implantation  parameters.  Process  options  for  shallow 
p'*^  layers  without  defects  include  the  following. 

-  Use  of  rather  thin  preamorphi/.ed  layers..  The  anneal¬ 
ing  time  to  remove  damage  is  decreasing  as  the 
pronimitv  to  the  surface  increases’  the  shallower  the 
damage,  the  lower  the  annealing  temperature  can  be. 
The  use  of  an  amorphized  laye"  as  thin  as  40  nm  is 
combined  with  low-energy  BFj^  (fig.  9)  [24]  or  very- 
low-energy  B  implantation  [28] 

-  Outdiffusion  from  TiSi  and  CoSi  using  RTA  anneal¬ 
ing,  which  has  been  intensively  investigated  [29-33], 
Different  approaches  using  ion  implantation  before 
or  after  silicide  formation  are  reported.  Process  prob- 
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lems  arise  from  low  dopant  concentration  at  the 
silicide/Si  interface,  which  have  been  observed,  e.g., 
for  B  and  the  TiSi2/Si  interface  [30].  B  tends  to 
precipitate  at  the  TiSij/SiOj  interfaces  and  to  form 
meta'/ dopant  compounds  with  Ti.  Outdiffusion  of  B 
into  Si  IS  rather  poor  (fig.  10).  The  lack  of  pileup  of 
boron  at  the  TiSi2/Si  interface  makes  ohmic  contact 
formation  difficult.  Process  optimization  for  higher 
surface  dopant  concentration  at  the  TiSi2/Si  inter¬ 
face  therefore  requires  high  implant  doses,  an  im¬ 
plantation  range  as  close  as  possible  to  the  interface, 
and  short-time  drive  in  RTA.  Results  for  the  outdif¬ 
fusion  of  dopants  from  CoSi2  indicate  that  C0S12  is 
favourable  compared  to  TiSi.  Shallow  junctions  with 
high  B  concentration  at  the  CoSt2/Si  interface  were 
reported  [32]. 

Formation  of  detrimental  defects  is  not  only  critical 
for  p”^  layers,  but  also  for  n"^  layers.  Here,  defects  at 
mask  edges  are  found  after  the  crystallization  of  an 
amorphous  layer  [34,35].  These  defects  occur  during  a 
typical  CMOS  process.  The  high-dose  source/drain  im¬ 
plantation  is  performed  self-aligned  to  the  gate.  The 
gate/LDD  spacer  acts  as  an  implantation  mask.  At  the 
mask  edge  the  amorphous/ crystalline  interface  is 
curved;  solid-phase  epitaxial  regrowth  (fig.  11)  proceeds 
now  into  both  vertical  and  lateral  directions,  simulta-. 
neously. 

Partial  crystallization  of  the  amorphous  layer  reveals 
a  notch  on  the  amorphous/crystalline  (a/c)  interface, 
which  IS  shown  to  be  due  to  the  different  epitaxial 
regrowth  rates  on  the  various  lattice  planes.  On  further 
annealing,  defects  are  generated  when  the  crystallization 
fronts  on  both  sides  of  the  notch  join.  These  defects  are 
inevitable  if  an  amorphous  zone  has  sharply  curved  a/c 
interfaces.  Dunng  further  processing  these  defects  are 
in  a  stress  field  Fig.  12  shows  a  dislocation  nucleated  at 
the  mask  edge  defect  below  a  stress-inducing  thick 


Depth  -■» 

Fig  10  B  doping  profiles  after  outdiffusion  from  T1S12.  data 
taken  from  ref.  [30]  (B  in  mono-Si) 

nitride  layer;  here  a  strong  leakage  current  can  be 
observed.  Process  options  to  avoid  these  defects  at  mask 
edges,  which  occur  only  in  As-implanted  source/drain 
regions  of  N  channel  transistors,  are; 

-  use  of  less  steep  implantation  sidewalls  to  achieve  a 
smoothly  rounded  a/c  interface;  however,  this  may 
conflict  with  the  trend  of  increasing  integration  den¬ 
sity; 

-  use  of  only  n"  doping  in  stress-sensitive  regions; 

-  diffusion  of  dopants  from  doped  silicide  on  Si  into  Si 
substrate,  to  avoid  any  implantation  damage  in  the 
substrate. 


6.  Ion  mixing 

Ion  mixing  techniques  are  used  for  silicide  formation 
and  for  poly-Si/Si  contacts.  The  effect  of  an  interface 
native  oxide  can  largely  be  suppressed  by  implanting 
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Fig.  9.  Doping  profiles  of  BFj^  -implanted  layers  with  different  thicknesses  of  the  preamorphized  layer  Data  taken  from  ref  [24]  (a) 
As-implanted  B  profiles  for  preamorphized  and  crystal  samples  The  arrows  indicate  the  a/c  interface  positions,  (b)  Annealed  B 
profiles  for  preamorphized  samples  formed  by  Si andGe'*^  implantations. 
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Fig  11  Defect  formation  during  crystallization  of  an  amorphous  As-implantation  layer  near  a  mask  edge  (a)  As-implanted.  (b)-  (d) 
regrowth  after:  (b)  SOO’C-SO  mm,  (c)  500 ‘’C.- 190  mm.  (d)  900‘’C.  60  mm. 


ions  through  the  deposited-metal/poly-Si  layer  into  the 
interface  [37],  Ttie  ion  beam  mixing  breaks  up  the  oxide 
at  the  interface. 

For  silicide  processes  it  has  been  ob.served  that  inter¬ 
face  mixing  (e.g.,  by  Si'^  implantation  or  implantation 
of  dopants)  enhances  the  Ti-Si  or  Co-Si  nucleation 
rate  and  results  in  a  smooth  silicide  surface  [38].  Fur¬ 
thermore,  resistivity  uniformity  is  enhanced.  However, 
junction  problems  have  been  reported,  e.g..  because  of 
mixing  of  Co  into  the  substrate  and  loss  of  dopants 
during  silicide  formation. 

Ion  mixing  also  serves  to  reduce  the  contact  resis¬ 
tance  of  poly-Si/Si  contacts  [39].  Low  specific  contact 
resistivities  in  the  20  12  gm^  range  are  found  if  the 
energy  is  high  enough  that  As^  ions  reach  the  contact 
interface.  The  native  oxide  is  broken  up  and  poly-Si 
regrowth  on  Si  substrate  is  epitaxial  during  subsequent 
annealing.  Also  Si^  ions  can  be  used  to  break  the  native 
oxide  and  achieve  low  values  of  contact  resistance  after 
low-energy  As^  ion  implantation.  Using  Si  implanta¬ 
tion,  the  degradation  of  the  contact  doping  profile  can 
be  avoided.  However,  ion  mixing  of  contact  areas  leads 
to  an  amorphous  zone  in  the  Si  substrate,  which  may 


have  sharply  curved  a/c  interfaces  below  the  mask 
edges.  During  regrowth  of  the  amorphous  zones  the 
defect  formation  at  contact  borders  again  becomes  an 
important  concern  for  process  optimization  (see  section 
5). 


7. 1'rench  capacitor  sidewall  doping 

As  the  level  of  integration  increases,  devices  have  to 
be  formed  below  the  Si  surface  or  above  it.  DRAM  cells 
of  beyond  1  Mbit  integration  density  (see  ref  [40])  are 
based  on  3-dimensional  cell  structures  such  as  stacked 
capacitors  and  trench  capacitors.  Fig.  13  shows  a  cross 
section  of  a  16-Mbit-DRAM  trench  cell.  The  doping  of 
a  trench  capacitoi  icquiies  implantation  of  ions  into 
vertical  sidewalls  of  trenches,  whose  aspect  ratio  may  be 
as  high  as  10. 

The  angle  of  incidence  of  the  ion  on  the  trenches  has 
to  be  strictly  controlled,  therefore  implanters  with  paral¬ 
lel  beam  scan  have  to  be  used  [41-43].  To  avoid 
shadowing  effects,  rotational  implantation  is  necessary. 
A  major  concern  about  trench  sidewall  doping  is  con- 
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trollability  and  uniformity.  The  ion  dose  delivered  to 
trench  sidewall/ trench  bottom  depends,  e.g.,  on  the 
implantation  angle  and  energy,  which  determine  the 
reflection  on  ions  from  the  sidewalls,  and  on  the  trench 
geometry.  The  experimental  determination  of  implanta¬ 
tion  profiles  is  cumbersome  and  time-consuming.  Com¬ 
puter  simulation  is  used  to  obtain  suitable  implantation 
conditions  [44-47],  In  simulation  studies,  the  3-dimen¬ 
sional  Monte  Carlo  technique  is  used  to  simulate  the 
trajectories  of  particles  and  the  final  doping  profile.  To 
achieve  uniform  trench  doping,  optimization  of  the  ion 
incidence  angle  is  necessary.  The  optimized  ion  inci¬ 
dence  angle  is  given  by  the  condition  that  the  ion  beam, 
coming  from  the  mask  edge  (upper  trench  edge)  is 


Fig  12  (a)  Nuclealion  of  a  Hu  loop  at  a  residual  implanlation 
defect  induced  by  the  stress  of  a  thick  nitride  film  (b)  Thin 
nitride  film;  (c)  no  nitride  film 


metalli/^^tion  ? 


direct  contact  .  j^lanarizatio 


*  word  lino 
tr.insfor  transistor 


stacked  capacitor 
in  troncb 


Fig  13  Cross  section  of  16  Mbit  DRAM  trench  cell. 


injected  into  the  opposite  bottom  corner  of  the  trench 
[44]. 


8.  Summary 

The  application  of  ion  implantation  in  advanced 
C'MOS  processes  has  bion  discus  •aj.  Recent  develop¬ 
ments  include  optimization  work  txised  on  conventional 
implantation  techniques  as  well  as  the  application  of 
advanced  techniques  like 

-  MeV  implants  (retrograde  well), 

-  tilt-angle  implantation  with  parallel  beam  scan  (3-di-- 
mensional  structures.  FOLD  transistor). 

For  all  implantation  applications  in  VLSI,  defect-re¬ 
lated  problems  will  need  more  attention  to  enable  the 
production  of  chips  with  increased  packing  density  at 
high  yield:, 

-  implantation  damage  has  to  be  characterized,  process 
flow  has  to  be  optimized  to  avoid  implantation 
damage  or  remove  damage  with  low  thermal  budget: 

-  contamination  levels  have  to  be  reduced,  ultraclean 
techniques  [47]  will  be  introduced  m  VLSI; 

-  charging  of  wafers  through  implantation,  which  may 
cau.se  gate  damage,  has  to  be  avoided 
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Requirements  for  implantation  in  the  1990s  are  being  driven  by  both  core  and  specialized  processes  A  review  of  these 
requirements  includes  difficult  topography  for  deep-submicron  MOS  transistor  structure^  (shadowing  effects)  and  trench  side-wall 
doping  The  usual  requirements  on  gate  oxide  integrity,  contamination  and  high  throughputs  are  to  be  maintained  or  improved 
Equipment  reliability  and  operational  characteristics  (.source  life)  are  being  driven  to  more  advanced  performance  levels 


1.  Introduction 

Implantation  in  the  1 790.s  will  continue  with 
widespread  use  in  manufacturing,  development  and  re¬ 
search  that  includes  doping,  damage  and  synthesis  ap¬ 
plications  [1]  The  manufacturing  and  technology  appli¬ 
cation  i.ssues  within  the  silicon  arena  are  discussed  in 
this  paper  “Core  CMOS"  technology  is  u.sed  as  a  point 
of  discussion  for  application  as  it  is  the  techitology  of 
choice  throughout  the  1990.s.  General  operational  and 
technical  needs  are  reviewed  The  crw/  of  ownership  of 
the  implant  equipment  and  the  integrated  proce.ss  se¬ 
quence  surrounding  the  implant  steps  are  keys  to  com- 
petitivene.ss.  Cost  of  ownership  considerations  will  drive 
the  support  of  both  development  pathways  and 
equipment  buying  decisions 

2.  Major  trends  of  silicon  technology 

In  addition  to  the  continued  growth  of  core  CMOS 
as  a  dominant  commercial  vehicle  in  the  early  1990s. 
there  is  a  continued  trend  to  larger  wafer  sizes.  In  1989. 
900M  square  inches  of  silicon  were  proce.s.sed  worldwide 
mainly  with  100  mm  and  125  mm  wafer  sizes  In  1992. 
1500M  square  inches  are  expected  to  be  processed  with 
the  dominant  wafer  size  at  150  mm.  but  about  25%  of 
the  total  area  m  200  mm  diameter  wafers.  Continued 
growth  (~  17%  per  year)  to  about  3B  square  inches  per 
year  is  expected  by  the  year  2000  In  the  mid-90s  there 
will  be  a  wide  distribution  of  design  rules  ranging  from 
1  2  to  0.25  (tm  with  “wafer  scale  iiUcgialion"  carried 
out  at  about  0.5  pm.  The  character  of  the  factories  will 
change  so  that  smaller  lots  can  be  produced  rapidly 
with  equipment  that  has  .serial  con.solidation  features, 
i.e.,,  integrated  sectors  of  equipment.  The.se  .sectors  will 

*  Invited  paper 


be  under  development  for  several  years  before  leliability 
reaches  a  level  of  acceptance 


3.  Application  shifts  in  CMOS 

Phosphorus  n-tub  implants  have  increased  to  90%  of 
total  CMOS  since  1986.  N-well  designs  are  emerging  as 
more  popular  since  the  performance  of  the  superior 
n-channel  transistor  in  lightly  doped  substrates  im¬ 
prove',  There  is  also  an  increase  in  twin-tub  usage. 

Retrograde  tubs  are  just  coming  into  manufacture 
for  some  n-wells  Field  isolation  surface  implants  are 
mosth  with  boron.  Trench  sidewall  implants  require 
incident  angles  that  scan  onto  the  sidewall  surfaces 

Thr,  shold  adjust  implants  will  continue  to  be  used 
for  all  CMOS  that  has  n-doped  poly  because  of  the 
“metal -semiconductor”  offset  potential.  Nowadays  im¬ 
plantation-doped  poly  IS  used  with  increasing  frequency 
in  order  to  make  both  MOS  transistors  become 
surface-conducting.  In  this  case,  and  with  the  body 
doping  increa.sing  to  avoid  punch-through  at  deep  sub- 
micron  dimensions,  the  use  of  Vt-adj  implants  will 
become  even  more  important  for  both  types  of  tran¬ 
sistors. 

Lightly  doped  drains  are  important  for  n-MOS  since 
the  avalanche  rate  for  electrons  is  much  higher  than  for 
holes.  Thus,  about  half  the  devices  in  production  today 
use  phosphorus  Ldd  implants.  In  deep  submicron  de¬ 
signs,  0.35  pm,  the  need  for  limiting  avalanche  effects  in 
p-MO,S  becomes  important  and  this  activity  is  in  expeii- 
mental  stages  (  <  5%  of  use) 

Standard  .source  and  drain  implants  for  n-MOS  are 
carried  out  exclusively  with  arsenic.  The  need  for  shal¬ 
low  junctions  has  driven  the  use  of  BFj  implants  for 
p-MOS  junctions.  A  slow  shift  away  from  this  practice 
is  seen  as  practitioners  realize  the  difficulty  in  control¬ 
ling  the  dis.sociation  of  BF2  into  B  in  the  implanter’s 
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column,  giving  rise  to  punched-through  devices.  Use  of 
boron  is  accompanied  by  char  lel  tail  variations  unle.ss 
additional  proce.ssing  is  done  The  capability  to  limit 
BFj  dissociation  remains  important. 

Advanced  souice  and  drain  technology  includes  the 
use  of  “elevated  drains",,-  where  one  may  implant  As.  P 
and  B  into  poly  or  silicides  [2|  and  then  form  the 
shallow  junctions  by  outdiffusion.  Alternately,  the  im¬ 
plantation  of  ‘li  or  Ge  to  preamorphize  [3)  the  junction 
region,  followed  by  dopant  implant  and  limited  diffu-- 
Sion  IS  another  method  for  producing  controlled,  non¬ 
channeling  profiles 


4.  Approaches  (o  shallow-junction  control 

Whether  one  is  implanting  source  and  drams  into 
crystalline  silicon,  preamorphized  silicon  or  elevated 
drain  structures,  there  arc  technical  concerns  and  no 
single  approach  has  emerged  as  the  "technology  of 
preference"  for  deep  submicron  technology 

Gate  shadowing,  channelling,  "end  of  range" 
damage,  the  formation  of  quality  preamorphized  layers, 
and  control  of  the  quality  of  films  (compound  precipita¬ 
tion)  and  interfaces  in  the  elevated  dram  structures  are 
i.ssues  that  are  still  being  studied. 

There  has  been  an  explosion  in  the  variety  of  ap¬ 
proaches  that  address  device  architecture  for  deep  sub- 
micron  application  [4.5],  Issues  such  as  effective  channel 
length  control  ( and  channelling),  controlled  break¬ 
down  and  reliability  (drain  profile  engine  ring),  conduc¬ 
tance  for  the  on-state  of  the  MOS  transistor  and 
threshold  voltage  shifts  with  scaling  are  driving  these 
multiple  developments  Process  con.solidation,  i.e,,  fewer 
steps,  IS  also  key  to  competitiveness  Until  a  standard 
approach  emerges,  the  supplier  community  will  be  un-- 
able  to  freeze  process  designs.  A  "shake-out”  in  tech¬ 
nology  approaches  will  coincide  with  the  ~  0.35  gm 
technology  timetable  around  1991-92.  It  is  clear,- how¬ 
ever,  that  with  the  advent  of  large-angle  tilt  (medium- 
current)  and  high-energy  commercial  implanters  most 
needs  are  met  Less  mainstream  and  more  difficult 
applications  appear  to  be  the  combination  capability  of 
high  angle  plus  high  current  and  implanters  with  very- 
low-temperature  target  configurations. 


5.  Technical  and  operational  issues 

Ion  sources  have  a  "designed-in”  short  mean  time  to 
repair  for  20  years.  Practice  is,  on  average,  still  to 
change  source  charges  or  filaments  in  le.ss  than  100 
hours.  Safety  issues  have  generally  been  addressed. 

Uniformity  has  been  addressed  by  new  scanning 
designs.  Uniformity,  as  influenced  by  wafer  charging,  is 


still  a  concern  m  some  cases  out  has  been  heavily 
studied. 

The  complex  problem  of  wafer  (gate  oxide)  charging 
continues  to  be  explored.  Charge  monitoring  devices  at 
the  target  an  '  approaches  which  use  -secondary  elec¬ 
trons  during  overscan  are  opportunities  for  solving  this 
problem’  The  overscan  source  of  .secondaries  provides 
electrons  in  time  and  space  m  proportion  to  their  need 
to  neutralize  positive-charge  buildup. 

Particulates  control  using  generic  vacuum  practices 
have  greatly  advanced.  The  importance  of  soft  roughen¬ 
ing  and  dry  neutral  gas  ambients  is  r.:cognized.  Resist, 
handling  and  beam-generated  particulates  are  known  as 
contamination  sources. 

Resist  stripping,  using  equipment  which  is  "dedi¬ 
cated"  to  the  high-throughput  implanter,  is  an  oppor¬ 
tunity  for  equipment  integration  and  serial  con.solida-- 
tion  About  half  of  the  implants  done  m  a  manufactur¬ 
ing  process  are  followed  by  a  resist-stnp  proce.ss  These 
general  technical  and  operational  issues  have  an  impact 
on  the  competitiveness 

6.  Business  community  and  future  competition 

The  supplier  community  for  implant  equipment  is 
international.  Major  suppliers  are  TEL.-  Varian,  Eaton. 
Ni.ssin.  AMAT  and  Genus  Although  the  US  and  Japan 
have  ownership.  European  contributions  played  a  role 
in  the  emergence  of  the  advanced  high-current  tool  now 
marketed  by  AMAT  (9200)  and  the  high-angle- 
medium-current  tool  now  marketed  by  Vanan  (E220) 
Genus  is  the  smallest  revenue  producer  among  the 
companies  listed,  but  they  arc  considered  a  .sole  source 
for  high-energy  commercial  implanters. 

Implant  technology  may  compete  against  new 
equipment  ideas  such  as  CV-doped  diffusion  (redis¬ 
covered).  gas-immeision  la.ser  doping  (GILD)  and 
ECR-hke  or  plasma  implantation.  These  technologies 
may  be  capable  of  providing  very  low  cost  for  high-dose 
application,  but  probably  not  before  ~  1993 

7.  Total  cost  of  ownership 

In  summary,  manufacturing  equipment  and  processes 
are  being  judged  by  the  overall  "cost  of  ownership.” 
The  elements  are  throughput,  total  cost,  tool  utilization 
on  product,  and  yield.  The  earliest  implant  machines 
had  selling  prices  ~  S50k,.  while  20  years  later  the  more 
advanced  high-current,  high-ihroughput  implanters  are 
sold  above  $2M,  a  factor  of  25000  increa,se  in  price. 
Throughput  has  increased  greatly,-  and  cost  has  in¬ 
creased  even  faster.  Tool  utilization  capability,  i.e..,-  the 
total  percentage  time  used  on  product  (1  -  total  down¬ 
time.  both  scheduled  and  unscheduled)  and  yield  objec- 


T  E  Seidel  /  Implanialion  m  the  1 990s 


19 


lives  are  s  90%  in  the  industry  today.  Improvements 
are  needed.  A  careful  analysis  of  the  cost  of  ownership 
will  enhance  our  competitiveness. 
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Section  11.  Real  time  processing  problems 

A  detailed  study  of  elemental  contamination  in  a  Varian  180XP 
high-current  implanter  * 

M.C.  Taylor 
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S.  Mehta  and  R.J.  Eddy 
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Contamination  is  a  major  focus  for  device  manufacturers,  especially  as  the  industry  moves  towards  16-64  Mbit  memory  level 
integration  This  places  considerable  constraints  on  the  existing  ion  implantation  technology  and  the  choice  of  materials  used  in  the 
manufacture  and  maintenance  of  ion  implanters  C'ontamination  in  the  ion  implantation  process  can  come  from  a  variety  of 
mechanisms  lon-beam  sputtering  of  hardware,  cross-contamination  from  previous  implants,  in  cases  of  nondedicated  systems,  end 
stations  (discs,  platens  etc  ).  and  nia.ss  interference  effects  during  species  analysis  In  this  paper,  results  of  contamination  analysis  of 
wafers  implanted  at  a  customer  site  on  a  180XP  Vanan  implanter  will  be  represented  A  wide  range  of  elements,  including  Al,  Fe.  Ni, 
alkali  and  alkaline  earth  metals,  and  previously  implanted  species  were  studied.  Characleri/.ation  was  done  bv  several  techniques 
including  secondary-ion  mass  speclrometrs  (SIMS),  inductively  coupled  plasma  mass  spectroscopy  (ICPMS).  total-reflection  X-ray 
fluorescence  (TXRF)  and  neutron-activation  analysis  (NAA)  In  addition,  the  effects  of  beam  current  on  the  amounts  of  sputtered 
contaminants  will  be  di.scu.s.sed  Preventative  measures  and  maintenance  procedures,  which  can  also  be  potential  sources  of 
coptamination.  will  be  highlighted 


1.  Introductkin 

The  aspect  of  elemental  contamination  in  .semicon-. 
ductor  proce.ssing  has  been  a  subject  of  critical  attention 
[1-4],  The  stringent  requirements  for  proce.ss  characteri¬ 
zation  and  control  demanded  by  the  advanced  VLSI/ 
ULSI  devices  have  both  the  semiconductor  equipment 
and  device  manufacturers  concerned  about  the  levels  of 
contaminants  that  would  be  tolerated  by  the  modern 
devices.  In  this  paper  we  will  limit  our  discussions  to 
contamination  m  ton  implantation.  Ion  implanters 
who.se  semiconductor  wafers  are  surrounded  by  metallic 
hardware  (especially  Al  or  stainless  steel)  are  a  potential 
cause  of  concern  from  contamination  standpoint.  The 
system  hardware  and  beam  optics,  if  not  properly  desig¬ 
ned,  may  also  result  in  the  interaction  of  beam  with  the 
beam  line.  Sputtered  surface  atoms  can  then  be  trans¬ 
ported  to  the  wafer.  This  paper  pre.sents  an  investiga¬ 
tion  of  impurities  introduced  into  silicon  wafers  im¬ 
planted  on  a  Varian  XP  high-current  production  ion 
implanter.  Characterization  of  the  implanted  wafers  was 
done  by  using  a  wide  range  of  bulk  and  surface  analyti¬ 
cal  techniques  including  secondary-ion  mass  spectrome¬ 
try  (SIMS),  inductively  coupled  plasma  mass  spec¬ 
trometry  (ICPMS).  neutron-activation  analysis  (NAA) 
and  total-reflection  X-ray  fluorescence  (TXRF).  The 
congruency  of  results  obtained  by  each  technique  will 


be  examined  and  their  individual  strengths  and  weak¬ 
nesses  will  also  be  discus.sed. 


2.  Experimental  description 

All  wafers  for  this  study  were  implanted  on  the 
Varian  180XP  high-current  ion  implanter  Contamina¬ 
tion  analysis  was  conducted  for  both  arsenic  and  pho,s- 
phorous  species  implanted  at  30  keV  into  150  mm 
p-type  (100)  wafers  to  a  dose  of  9x  10"  cm“^.  For 
ICPMS  analysis,  the  implants  were  performed  on  wafers 
through  a  900  A  screen  oxide  to  completely  stop  the 
implant.  Low-energy  implants  were  selected  in  order  to 
amplify  any  possibility  of  the  ton  beam  interaction  with 
the  system  hardware.  High-energy  (80  keV)  implants  at 
increased  beam  currents  were  used  to  examine  the  ef¬ 
fects  of  inc.eased  beam  current  and  energy  on  con¬ 
tamination. 


3.  Results  and  discussion 

A  wide  range  of  elements  were  analyzed  by  the 
several  techniques  employed  for  this  study.  This  discus¬ 
sion  will  focus  on  key  elements  of  interest:  the  transi¬ 
tion  and  heavy  metals,  and  aluminum. 
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Fig  1.  Calibration  plot  comparing  phosphorous  levels  mea¬ 
sured  by  three  bulk  techniques  used  in  this  study 

To  examine  the  relative  congruency  and  accuracy  of 
the  characterization  tools  for  reliability  purposes,  several 
wafers  implanted  with  30  keV  arsenic  to  a  dose  of 
9  X  10'“’  cni  '  were  reimplanted  with  phosphorous  at 
doses  equal  to  0.5?,.  1  0%,-  1.5?,.  2.0?  and  2  5%  of  the 
arsenic'  dose.  Elemental  compositions  of  these  wafers 
were  determined  by  NAA,  SIMS  and  ICPMS.  The 
various  doses  of  P  as  determined  by  these  techniques 
were  plotted  against  the  implanted  doses,  as  shown  in 
fig,  1  It  IS  found  that  the  NAA  and  SIMS  results  agree 
very  closely  with  the  implanted  doses.  However,,  the 
phosphorous  levels  as  measured  by  ICPMS  are  much 
lower  than  the  actual  implanted  values.  This  is  due  to 
volatile-compound  formation  when  the  implanted  oxide 
reacts  with  HF/HNO,  (etchant)  which  vaporizes  dur¬ 
ing  the  .sample  preparation.  It  also  appears  that  the 
sensitivity  of  ICPMS  drops  at  lower  dose  levels.  This 
was  also  found  to  be  true  for  arsenic  values. 

3.1.  Transition  elements 

Transition  metals  are  known  to  generate  energy  levels 
in  the  silicon  band  gap  which  result  in  reduced  carrier 
lifetimes  in  minority  carrier  devices  [5,6],  A  plot  of  the 


measured  levels  of  several  key  elements  of  interest  as 
determined  by  NAA,  SIMS  and  ICPMS  for  several 
implants  is  depicted  in  fig.  2.  It  can  be  noticed  that  the 
contamination  levels  for  the  arsenic  implants  in  general 
are  slightly  higher  among  all  the  wafers  analyzed.  It  is 
also  worth  noting  that  the  levels  detected  for  transition 
metal  impurities,  especially  Fe  and  Cr,.  are,  for  all 
samples,  very  low  in  relation  to  the  implanted  dose. 
This  is  indicated  by  results  of  SIMS  analysis  in  fig.  3. 
The  higher  levels  of  transition  (and  alkali)  metals  ob¬ 
served  by  NAA  and  ICPMS  were  traced  as  cross-con¬ 
taminants  due  to  sample  handling  and  etching  solu¬ 
tions,  respectively. 

The  SIMS  results  were  further  substantiated  by  re¬ 
sults  of  TXRF  analysis  from  wafers  implanted  with 
arsenic'  and  phosphorous.  Analysis  was  done  at  three 
locations  across  the  wafer  for  spatial  information  of  the 
impurities.  No  transition  or  heavy  metals  were  detected 
at  any  of  the  three  locations  on  the  wafer.  The.se  results 
are  summarized  in  table  1  In  some  cases,  a  minor  peak 
of  Fe  was  detected,  but  the  level  was  too  low  to  be 
quantified. 

3.2.  Heavy  metals 

The  pre.sence  of  heavy  metals  has  detrimental  effects 
on  the  performance  of  devices  (7). 

TXRF  analysis  of  the  wafers  did  not  reveal  the 
presence  of  any  heavy  metals  with  the  exception  of 
arsenic.  However,.  NAA  revealed  the  pre.sence  of  small 
amounts  of  molybdenum  (Mo)  in  all  the  wafers 
analyzed.  This  element  cannot  be  detected  by  the  TXRF 
technique.  Historically,  molybdenum  has  been  found  to 
exist  in  the  ion  implantation  process  bat  few  accounts 
of  its  detection  in  lon-implanted  wafers  have  been  pub¬ 
lished  [8].  In  this  study,  this  element  was  detected  in 
very  small  amounts.  Interestingly,  its  level  in  the  phos- 
phorous-implanted  wafers  was  somewhat  higher  than  in 
those  implanted  with  arsenic.  The  origin  of  this  cross¬ 
contaminant  was  traced  to  the  ion  source  which  con¬ 
tained  .some  Mo  parts.  During  the  routine  implantation 


Tabic  1 

TXRF  analysis  of  iran.siiion  and  alkali  metals  op  several  wafers  (do.se  and  energy  for  all  arsenic  implants  are  9  x  lO'^  em~^  and  30 
keV,  respectively) 


Sample 

ID 

Implant 

description 

XlO 

*  aloms/cm^ 

Na 

K 

Ca 

Cr 

Fe 

Ni 

Cu 

m 

Arsenic,  3  m.A 

nd  ’ 

nd 

nd 

nd 

pk" 

nd 

nd 

06 

Arsenic +  0,.‘i%  P 

nd 

nd 

40 

nd 

pk 

nd 

nd 

17 

Arsenic +  2.5%  P* 

nd 

nd 

5.0 

nd 

nd 

nd 

nd 

24 

Phosphorous,  3  mA 

nd 

nd 

2.0 

nd 

03 

nd 

nd 

27 

Phosphorous,  5  mA 

nd 

nd 

3.0 

nd 

05 

nd 

nd 

°  nd  implies  not  detected. 

pk  implies  that  a  small  peak  was  .seen  but  was  too  low  lo  quantify 
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Fig  2  Levels  of  various  contaminants  as  measured  by  ICPMS,  NAA  and  SIMS  in  silicon  wafers  implanted  under  different 
conditions,  (a)  arsenic,  9  0x10’’ cm 30  keV,  6  mA:  (b)  phosphorus,  9 Ox  lO”  cm  30  keV,  6  mA 


of  BF2,  Mo  from  the  .source  can  show  up  as  Mo^’’  (49) 
and  reach  the  wafer.  The  shghtly  higher  Mo  levels  seen 
on  the  phosphorous-implanted  wafers  can  be  e.xplained 
by  the  significantly  higher  volume  of  BFj  implants  run 
on  this  end  station  (ES-1).  The  Mo-containing  parts  of 
the  itm  source  have  been  replaced  with  alternative 
materials 

3  3.  Aluminum 

Aluminum  ts  the  major  hardware  compionenl  sur¬ 
rounding  the  wafer.  Of  all  the  elements  analyzed  it  was 
found  to  be  the  most  predominant.  Since  NAA  and 


TXRF  cannot  detect  this  element,  the  analysis  was  done 
by  SIMS.  Concentration  depth  profiles  of  the  implanted 
species  (As)  and  aluminum  were  generated  at  three 
locations  on  the  wafer  along  a  diameter.  The  do.se 
[atoms/cm^]  at  each  location  was  computed  by  integrat¬ 
ing  the  depth  profiles. 

No  differences  between  the  three  analyzed  locations 
were  observed.  The  SIMS  profiles  measured  in  the 
center  of  the  three  samples  and  an  unimplanted  wafer 
are  shown  in  fig.  3.  It  is  observed  that  the  level  of 
aluminum  drops  very  rapidly  from  the  surface  into  the 
bulk  of  the  sample,  indicating  this  may  be  a  near-surface 
contaminant.  The  total  integrated  average  dose  of  Al 
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Fig  3  SIMS  anjlvsi.s  of  (a)  an  unimplanted  1000  A  oxide  film  on  silicon,  (b)  a  900  A  oxide  film  implanted  with  As*  (9X10" 
cm  " ),  30  keV,  If,  -  6  mA,  and  (c)  a  900  A  oxide  film  implanted  with  As  *  (9  x  lO"  cm  '  ‘ ),  30  keV  and  (1  8  X  lO’'*  cm 


30  keV. 


for  the  three  locatton.s  ts  2,3  x  lO"  cm  ‘‘  whtch  corre¬ 
sponds  to  0  251  of  the  tmplanied  arsenic'  dose.  fCPMS 
results  also  substantiate  this  finding.  In  a  separate  study,. 
It  was  ob,served  that  the  aluminum  depth  below  the 
surface  was  larger  in  arsenic  wafers  than  in  phospho- 
rous-implanted  wafers  t  his  may  indicate  that  aluminum 
IS  .sputter-deposited  onto  the  wafer  during  the  implanta-- 
tion  process  and  sub.sequently  recoil-implanted  into  the 
substrate  the  incoming  ions.  The  arsenic,  by  virtue  of  its 
larger  energy  tra.isfer,  drives  the  aluminum  deeper  into 
the  wafer  than  phosphorous  In  another  set  of  experi¬ 
ments,  it  was  found  that  increasing  the  beam  current  or 
the  energy  of  the  implant  did  not  result  in  any  signifi¬ 
cant  increase  in  the  amount  of  aluminum. 

.?  4  Alkali  metals 

These  elements  generally  indicate  poor  wa’'cr  han¬ 
dling  and  maintenance  procedures.  These  elements  were 


analyzed  by  all  the  above  techniques  TXRF  results  are 
summarized  in  table  1.  NAA  and  ICPMS  analysis  for 
these  elements  are  not  reliable  for  reasons  explained 
earlier.  Furthermore,  the  analysis  of  the  reagent  blanks 
used  for  etching  the  implanted  oxide  for  ICPMS  analy¬ 
sis  displayed  large  and  variable  amounts  of  alkali  metals. 
SIMS  was  therefore  selected  as  the  technique  for  these 
elements  Table  2  compares  the  level  of  these  elements 
for  a  bare  (unimplanted)  wafer  and  two  implanted 
samples  The  SIMS  results  show  that  the  amounts  of 
alkali  metals  in  the  implanted  wafers  are  not  signifi¬ 
cantly  higher  than  the  unimplanted  wafer.  In  a  well- 
controlled  and  clean  environment  one  can  expect  to  see 
even  lower  levels  of  these  elements.  In  addition,  the 
higher  levels  of  alkali  metals  detected  m  the  arsenic 
wafers  can  be  attributed  to  the  larger  volume  of  photo¬ 
resist  wafers  that  are  routinely  implanted  on  the  ar¬ 
senic-dedicated  end  station  (no  2), 


Table  2 

Alkali  conlammanl  levels  as  delerniined  by  SIMS  (dose  and  energy  for  all  arsenic  implanls  are  9x10'^  cm  '  and  3(1  keV, 
re.speclivelv) 


Sample 

ID 

Implani 

Aloms/cm’ 

deseriplion 

Na 

Mg 

K 

Ca 

T0337-20 

04 

08 

No  implanl 

Arsenic.  6  mA 
Arsenic +  21  P' 

36x10'' 

5  2x10'' 

I  I  xIO'" 

6.0  X I O" 

3.5  XI  o'® 

4.5  X  lo'" 

soxio’ 

69xI0’ 

8  7X  lO" 

.3.7X10"’ 

1  2x10'® 

1  7X10'" 
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4.  Conclusions 

A  detailed  analysis  of  the  elements  found  in  a  pro¬ 
duction  high-current  implanter  has  been  conducted  by 
several  advanced  techniques.  The  contaminant  levels 
were  found  to  be  low.  A  further  reduction  in  the  levels 
of  transition  metals,  aluminum  and  heavy  metals  can  be 
achieved  through  the  selection  of  higher-grade  materials 
and  improved  design  configurations  of  the  ion  implan¬ 
tation  equipment. 

Although  agreement  between  the  techniques  was 
found  to  be  reasonably  good  for  some  elements,  their 
congruency  over  a  complete  range  of  elements  is  limited 
by  their  individual  sensitivities  towards  each  element. 
The  contaminants  from  sample  preparation  and  han¬ 
dling  are  an  additional  factor.  Therefore,  no  single 
analysis  method  is  sufficient  for  a  thorough  analysis  of 
a  wide  range  of  elements  and  a  combination  of  several 
complementary  techniques  needs  to  be  used. 

Although  a  wide  variety  of  techniques  are  available 
for  characterization,  the  levels  of  certain  key  elements 
demanded  by  the  device  manufacturers  are  at  or  below 
the  detection  levels  of  the.se  instruments.  The  develop¬ 
ment  of  advanced,  rapid  and  reliable  techniques  is 
essential  to  the  continued  improvement  in  the  design  of 
future  semiconductor  equipment  In  addition,  the  levels 
of  various  key  elements  must  be  determined  empirically 
by  the  device  manufacturers  A  partnership  of  the  de¬ 
vice  process  engineers  and  equipment  manufacturers  is 
es.sential  if  the  needs  of  the  future  devices  are  to  be 
addressed  successfully. 
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Extending  the  effective  energy  range  of  an  iniplanter  is  possible  by  implanting  multiple-charged  species  A  problem  when  using 
these  species  is  energy  contamination  The  energy  contamination  using  P’*..  B**'  and  B*  has  been  investigated  on  commercially 
available  higl. -current  implanters  The  major  cause  of  energy  contamination  is  charge  exchange  reactions  due  to  (the  residual)  gas 
inside  an  implanter.  Careful  control  and  design  of  the  vacuum  system  are  therefore  important.  Energy  contamination  can  also  be 
caused  by  sputlering/reflection  from  slits  and  lining  of  the  implanter  Ionisation  of  residual  gas  is  probably  the  origin  of  fluorine 
contamination  when  using  BFi  as  source  feed  material  The  fluorine  contamination  again  sires.ses  the  need  to  control  the  amount  and 
composition  of  the  residual  gas  m  an  implanter 


1.  introduction 

The  energy  range  of  an  implanter  can  be  extended 
using  multiple-charged  species.  In  doing  so.  one  must  be 
careful  about  energy  contamination  An  investigation 
was  started  to  study  the  energy  contamination  using 
P’  •  and  on  an  APPLIED  P(9000  and  a  NOVA 
20-200  high-cuirent  implanter.  These  machines  were 
selected  in  order  to  have  sufficient  beam  intensity  for 
the  aforementioned  multiple-charged  species.  Energy 
contamination  was  also  investigated  using  singly  charged 
boron  on  high-current  implanters.  Energy  contamina¬ 
tion  occurs  when  the  .selected  dopant  -s  implanted  with 
a  different  energy  than  the  desired  one.  The  result  can 
be  a  .seriously  disturbed  concentration  profile  of  the 
dopant  [I]  Energy  contamination  can  be  caused  by  (I) 
charge  exchange.  (2)  molecular  breakup.  (3)  sputtering 
and  reflections  from  slits  and  lining  of  the  beam  line 
and  (4)  ionisation  of  residual  gas  in  the  implanter. 

Neutralisation  of  the  ton  beam  results  in  energy 
contitmination  when  charge  exchange  occurs  before  the 
final  acceleration/ deceleration  stage.  Since  pre.ssure  is  a 
dominant  factor  regarding  chaige  exchange,  it  is  im¬ 
portant  to  control  the  pressure  inside  an  implanter. 
Molecular  breakup  can  be  another  cau,se  of  energy 
contamination.  Well  documented  in  the  literature  is  the 
breakup  of  the  phosphor  dimer  (P/)  prior  to  entering 
the  ma.ss  analy.ser  ( 1  -4],  Sputtering  and  reflections  can 
cause  energy  contamination,  but  to  what  extent  exactly 


IS  pre.sently  unknown  Energy  contamination  from 
ionisation  of  residual  gas  in  the  implanter  can  be  con¬ 
trolled  by  pumping  and  a  careful  design  of  the  im- 
p!  inter. 

2.  Experimental 

2  /  Implantaiions 

Boron  and  phosphorus  ions  were  implanted  in  6  inch 
1-50  i2cm  p-  and  n-type  (100)  silicon  wafers  with 
energies  ranging  from  180  to  500  keV  The  tilt  angle  was 
7°,.  the  twist  angle  30°  for  all  implants  Except  for  a 
native  oxide,  the  wafers  were  otherwise  bare.  SIMS  was 
chosen  as  the  analysis  technique  to  investigate  energy 
contamination  because  /(..hcci  measurements  cannot  dis¬ 
tinguish  between  energy  contamination  and  beam  neu¬ 
tralisation  after  final  acceleration/ deceleration  Spread¬ 
ing  resistance  profiling  and  C~V  measurements  were 
insufficiently  accurate  to  determine  the  various  levels  of 
energy  contamination  Concentration  profiles  de¬ 
termined  with  SIMS  were  of  as-implanted  dopant., 

Solid  phosphorus  was  used  as  source  feed  material, 
to  reduce  the  pressure  between  extraction  and  mass 
analyser  and  thus  reduce  energy  contamination  of 
from  breakup  of  the  trimer  P/  [2)  When  implanting 
boron,  BF,  was  used  as  source  feed  material.  In  order  to 
simulate  production  circumstances,  wafers  were  im- 
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planted  with  and  without  additional  photoresist-coated 
wafers  loaded  on  the  wafer-implant  wheel  of  the  high- 
current  implanters.  Silicon  wafers  for  measure¬ 

ment  were  wafers  covered  with  30  nm  ovide.  After 
implantation  the  wafers  received  an  RTA  anneal  at 
1000°C  for  10  s  to  activate  the  implant  electrically. 
After  annealing  oxide  was  removed  and  Rshcct  ntea- 
sured. 

2  2.  Secondary -ion  mass  spectrometry 

All  SIMS  measurements  were  carried  out  on  a 
CAMECA  ims  4f  instrument.  Samples  of  1  x  1  cm^ 
were  cut  from  the  wafer  mid-section.  For  the  boron 
implantations  routinely  well-focused  O2  primary  ton 
beams  of  3  to  10  keV  were  used,  with  beam  currents  in 
the  range  of  0.2-0. 5  fiA  and  rastered  over  350x  350 
(jim‘  The  highest  energies  were  used  to  obtain  an  overall 
profile  of  the  implants.  The  lower  energies  served  two 
purposes:  (1)  to  obtain  an  improved  depth-resolution 
result  of  the  first  0.5  pm  and  (2)  to  reduce  the  uncer¬ 
tainty  for  the  concentration  distribution  in  the  near- 
surface  region  caused  by  the  evolution  towards  steady- 
state  erosion  conditions  and  the  extent  of  possible 
surface  contamination  mixed  in  the  topmost  layers  un¬ 
der  the  action  of  the  primary  beam.  Only  '**8''  or  "B’ 
and  secondary  ions  stemming  from  the  central  60 
pm  diameter  region  of  the  sputtered  crater  were  analysed 
with  a  low-mass  resolution  ( M/AM  -  300).  The  ^"Si* ' 
signal  intensity  was  used  to  check  the  stability  of  experi¬ 
mental  conditions  For  phosphorus,  a  0  15  pA.  14.5  kcV 
Cs*^  primary  ion  beam  was  u.sed  with  the  -ame  raster 
size/analysed  area  dimensions  The  ''p  secondary-ion 
signal  intensity  was  exclusively  monitored  in  the  high- 
mass  resolving  mode  ( M/AM  ~  4000)  in  order  to  avoid 
interference  with  the  ’^SiH"  cluster  ion.  In  this  mode 
the  instrument's  stability  is  unfortunately  less  perfect 
due.  among  other  things,  to  analyzer  magnet  dnft.  Re¬ 
producibility  was  confirmed  by  repeating  mea.surements 
on  every  sample  at  least  twice,  in  addition  to  careful 
primary-current  monitoring,  and  will  be  discussed  in 
more  detail  below. 

The  depth  scale  was  obtained  by  determining  the 
total  crater  depth  with  a  micromechanical  .stylus  tran.s- 
ducer  Absolute  accuracies  in  this  way  are  no  better 
than  5%,  but  relative  errors  for  one  measurement  .senes 
(i.e  a  single-day  run)  of  2%  are  achievable  when  focuss¬ 
ing,  current  stability  of  the  primary  beam  and,  if  appli¬ 
cable,  matrix  secondary-ioii  signal  .stability  arc  good 
Occasionally  slight  differences  ( <  2%)  were  observed  in 
the  peak  positions  of  supposedly  identical  dopant  distri¬ 
butions  prepared  on  different  implanters.  These  may  be 
either  due  to  the  aforementioned  depth  calibration  error 
or  to  implanter  particulars  (e.g.  standard  7®  off  the 
normal  angle  of  incidence  of  the  high-energy  implanter 
used).  It  was  decided  to  apply  a  small  correction  to  the 


depth  scale  to  merge  all  maxima.  Since  it  is  known  that 
this  affects  the  higher  moments  of  the  distribution  only 
in  second  order,,  it  will  not  influence  the  intercompari- 
son  in  any  way 

As  for  the  concentration  scales,  different  approaches 
were  adopted  for  B  and  P.  In  the  case  of  boron,  all 
implants  were  calibrated,  somewhat  arbitiarily,  against 
the  high-energy  implanter.  That  is,  it  was  assumed  that 
the  dose  claimed  for  that  particular  machine  was  ex¬ 
actly  correct.  Next,  a  sensitivity  factor  wa;  derived  by 
dividing  the  “known"  fluence  of  an  implant  by  the 
time-integrated  boron  signal  intensity  obtained  for  that 
sample.  This  sensitivity  factor  was  then  used  to  calibrate 
all  others  Repetition  of  the  measuremens  from  the 
high-energy  implanter  sample  several  times  during  one 
run  ensured  reproducibility.  For  pho.sphorus  this  ap¬ 
proach  proved  unfeasible,  owing  to  the  infe'ior  mass- 
spectrometer  stability.  Here  the  dose  claimed  was  sim¬ 
ply  assumed  to  be  true  and  fed  into  the  conversion 

In  this  way  it  was  found  that  boron  distributions  of 
a  single  sample  could  be  measured  with  a  run-to-run 
reproducibility  in  the  range  of  5-10%  (even  with  up  to 
one  year  delay  in  between'),  i  e  variations  in  the  local 
depth  concentration  are  generally  less  than  the.'-e  num¬ 
bers.  For  phosphorus  this  was  only  15-20%.  In  the 
remainder  of  this  paper  differences  in  the  dopant  distri¬ 
bution  of  various  samples  well  outside  these  limits  will 
be  considered  to  be  of  sufficient  significance  to  merit 
discu.ssion 


3.  Results  and  discussion 

5.1  Energy  conlaminalion  using  P  *  * 

An  investigation  on  energy  contamination  was 
started  to  ssess  the  possible  use  of  P’ '  on  an  Applied 
PI9000  and  a  Nova  20-200  high-current  implanter  for 
energetic,  hence  deep,  dotation.  Beam  currents  in  the 
range  of  100  nA  were  obtained  During  repeated  start¬ 
up  of  a  P^*^  ion  beam  it  was  noticed  that  a  stable  P'^ 
ion  beam  could  be  more  easily  started  after  a  few  hours 
of  source  operation  Automated  tuning  will  further  en¬ 
hance  the  reproducibility  of  P’  implants  Sometimes  it 
was  possible  to  obtain  quite  large  beam  currents  of  P'‘% 
in  the  order  of  40-80  gA.  but  it  was  not  clear  to  what 
extent  the  energy  contamination  of  the  charge-exchange 
reaction  of  P*  to  P‘^  between  .source  and  analyser  [2] 
contributed  to  the  beam  current 

A  first  indication  whether  implants  with  single-  and 
multiple-charged  phosphorus  ions  re.sult  in  the  same 
concentration  profile  can  be  found  when  one  compares 
the  values  of  the  R„,,cct  of  fh^se  implants  Table  1  gives 
an  overview  of  the  influence  of  single-  and  multiple- 
charged  phosphorus  implants  on  the  value  of  R,i,ccf 
The  P^*  implantation  has  a  lower  /?,,|,,.ji-value  than  the 
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Table  1 

Overview  of  the  influence  of  implant  species  on  the 
ues  of  silicon  (1-50  !2cm)  wafers  covered  with  30  nm  oxide, 
the  wafers  were  implanted  with  P*,,  P’*,  P^*  and  P’*  with 
photoresist-coated  wafers  added  to  the  implant  wheel  (P’*-l- 
PR),  after  RTA  anneal  (10  s,  1000°C)  the  oxide  was  removed 
and  the  wafers  were  measured  on  R,hcci 


Ion 

Dose 

[lons/cm*] 

Energy 

(keV) 

^  sheet 
(«/□) 

P-" 

5x10'* 

180 

483 

p2> 

5X10'* 

180 

452 

p.iv 

5x10'* 

180 

459 

P'*^  -i-PR 

,5x10'* 

180 

458 

implant,  which  can  be  explained  by  molecular 
breakup  The  phosphorus  tnmer  P/  exists  in  smaller 
amounts  in  the  source  plasma  than  P,* ,.  therefore  caus¬ 
ing  less  energy  contamination  The  lower  /?„hec, -value  of 
the  P’^  implant  as  compared  to  the  P^  can  be  caused 
by  energy  contamination  and  beam  neutralisation  after 
post-acceleration.  In  both  cases  the  result  is  a  lower 
-value  than  that  obtained  for  the  P^  implant. 
Photoresist  outga.ssing  can  have  a  large  influence  on 
charge-exchange  reactions  in  the  ton  beam,  causing 
additional  beam  neutralisation  and  energy  contamina¬ 
tion  As  can  be  seen  from  table  1,-  photoresist  outgassing 
seems  to  have  little  influence  on  the  value  of 
indicating  a  minor  change  in  the  amount  of  beam 
neutrali-sation/energy  contamination. 

In  order  to  establish  the  extent  of  the  energy  con¬ 
tamination  at  high  energies,  wafers  for  SIMS  were  im¬ 
planted  with  P-'*  with  a  do.se  of  5  X  lO'"*  ion,s/cm^  at 
500  keV  on  the  Applied  PI9(XK)  and  Nova  20-2(X)  with 
photoresist  wafers  added  to  the  wheel.  The  Applied 
PI9(XX)  was  tested  using  both  the  standard  source  and  a 
low-flow  source.  The  low-flow  source  reduces  the  pre,s- 
sure  between  the  source  and  analyser-magnet  region 
The  SIMS  concentration  profiles  were  compared  with  a 
concentration  profile  of  an  implant  from  a  high-energy 
implanter  where,  due  to  the  design  of  this  implanter,- 
energy  contamination  was  reduced  to  a  minimum  [5|. 
Within  the  experimental  error  no  distinction  could  be 
made  between  the  concentration  profiles  obtained  from 
the  Applied  implanter  with  the  low-flow  source,  the 
Nova  20-200  and  the  high-energy  implanter.  In  fig.  1 
the  concentration  profiles  obtained  from  the  Applied 
PI90(X)  for  both  the  standard  and  low-flow  source  are 
shown 

At  the  surface  there  seems  to  be  a  very  shallow 
phosphorus  contamination  which  is  very  difficult  to 
quantify  since  the  sputter  rate  of  SIMS  is  not  yet  stable 
in  that  region.  However,  the  very-low-energy  contami¬ 
nant  inevitably  shows  up  exclusively  on  .samples  of  the 
high-current  implanters  and  is  con.sequently  not  a  SIMS 
artefact.  The  energy  contamination  of  P’^  at  500  keV  is 


Fig  1  SIMS  P  concentration  profiles  of  (5x10'“* 

lons/cm^)  500  keV  implantations  performed  on  the  Applied 
PI9000  high-current  implanter  with  the  standard  source  (a)  and 
the  low-flow  source  (b) 


typically  below  2%  for  the  Applied  and  Nova  im¬ 
planters  (excluding  the  shallow  contamination,  which  is 
sizable  but  difficult  to  quantify  reliably)  For  some  IC 
applications  this  amount  of  energy  contamination  is  not 
detrimental  to  device  operation.  At  the  moment  the 
reproducibility  of  the  P'"*^  implant  is  monitored  using 
^shcci  transistor  measurements. 

3.2.  Energy  coniamination  iLiing 

Energy  contamination  of  a  implant  at  400  keV 
with  a  dose  of  5  X  10'“*  lons/cm^  was  subsequently 
investigated  on  the  Nova  20-200  using  SIMS.  The  con¬ 
centration  profiles  of  the  implantations  with  and  without 
added  photoresist-coated  wafers  are  the  same  within  the 
experimental  error  Fig  2  shows  the  "b  (curve  labeled 
a)  and  "’B  concentration  profiles  of  the  "B^*"  implant 
with  no  photoresist  wafers  added  to  the  wheel.  For 
comparison  the  profile  obtained  for  a  5  X  10'“*  lons/cm^ 
implantation  made  on  a  high-energy  implanter  (a  Varian 
500XP)  IS  included  in  fig  2  (curve  b).  Both  profiles  are 
identical  at  sufficiently  large  depth  (beyond  the  implan¬ 
tation  peak)  The  "b^*"  clearly  exhibits  energy  con¬ 
tamination.  The  estimated  contribution  is  5  x  10'* 
ions/cm^  (difference  of  the  Nova  and  Varian  profiles), 
i.e.  around  10%.  This  energy  contamination  shows  one 
unexpected  region,  corresponding  to  an  implant  energy 
of  about  20-30  keV.  This  is  e.xtraordinary  since  the 
extraction  voltage  is  at  80  kV  and  the  post-acceleration 
at  120  kV. 

A  most  surprising  contaminant  is  '"b.  Since  the  '"b 
concentration  profile  shows  some  distinct  peaks  as  com¬ 
pared  to  the  more  diffuse  "B  profile,  the  "*B  peaks  may 
give  some  clues  as  to  what  the  possible  causes  of  the 
(energy)  contamination  might  be.  By  comparing  the  '"b 
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Depth  [nm]  - «- 

Fig  2  SIMS  concentration  profiles  of  a  (5x10'‘' 

ions/cm“)  400  keV  implantation  performed  on  a  Nova  20-200 
high-current  implanler  (a)  together  with  its  '“B  contamination 
profile  Also  shown  is  a  "B"^  (5x10’'*  lons/cm^)  400  keV 
implantation  performed  on  a  Varian  500XP  implanter  (b) 


and  "b  concentration  profiles  it  is  clear  that  the  '*’B 
contamination  is  not  caused  by  an  insufficient  mass 
separation.  If  the  implanter  had  a  poor  mass  separation, 
the  "B  and  '”B  peaks  should  always  have  a  fixed  ratio 
This  IS  clearly  not  the  case.  The  deepest  peak  in  the  "’B 
concentration  profile  is  near  an  implant  depth  corre¬ 
sponding  to  an  implant  energy  twice  the  extraction  plus 
once  the  post-acceleration  voltage  (2  x  80  -f-  120  =  280 
keV).  The  second  ’“B  peak  is  implanted  with  about 
twice  the  extraction  energy  (160  keV).  The  energy  con¬ 
tamination  near  an  implant  depth  corresponding  to  a 
boron  implant  of  20--30  keV  can  be  explained  by 


eo 


Fig.  3.  SIMS  concentration  profiles  of  (a)  "’B  5x10''’ 
lons/cm^  200  keV  implant,  (b)  '"b  contaminant  in  a  de¬ 
liberate  "b  5x10'^  lons/cm^  200  kcV  implant,  (c)  "B  con¬ 
taminant  in  a  deliberate  '^B  5x10'“  lons/cm^  2fK)  keV  im¬ 
plant  (a),  and  (d)  ”F  contaminant  in  a  "b  5x10'“  ions/cm‘ 
200  keV  implant. 


sputtering/ reflection  and  or  ionisation  of  residual  gas 
in  the  implanter.  A  detailed  cause  of  the  '°B  contamina¬ 
tion  is  not  yet  apparent  and  necessitates  further  investi¬ 
gation. 

i.3.  (Energy)  coniaivtnaiton  ustng  B*  on  high-curreni 
tmpUinters 

When  implanting  a  contamination  of  '"B 

occcurred.  The  cause(s)  of  the  '°B  contaminant  might 
be  linked  with  the  causes  of  energy  contamination.  To 
study  the  contaminant  origin,  the  "’B  contamination  of 
a  deliberate  "b  implant  and  likewise  that  of  the  "B 
contaminant  of  a  '°B  implant  was  measured.  The  "B 
and  '*'B  implants  were  done  at  an  energy  of  200  keV 
and  a  dose  of  5  x  10'“'  lons/em^  In  fig.  3  the  deliberate 
"^B  implant  profile  is  shown  together  with  the  con¬ 
tamination  profiles  of  the  "b  and  '®B  implants  and  the 
'’f  eontamination  of  the  "b  implant.  The  depth  of  the 
peak  in  the  '’f  concentration  profile  corresponds  to  an 
implant  energy  of  105-125  keV.  The  extraction  poten¬ 
tial  during  the  implant  was  80  kV  and  the  post-accelera¬ 
tion  voltage  was  120  kV.  An  explanation  for  the  ’’f 
contamination  implanted  with  105-125  koV  is  ionisa¬ 
tion  of  neutral  feed-gas  molecules  (or  fragments  thereof) 
The  fluorine  contamination  on  the  two  types  of  high- 
current  implanters  investigated  was  typically  <  2%. 

The  "'B  contamination  profile  of  the  "B  implant 
shows  three  distinct  peaks  near  a  depth  corresponding 
to  an  implant  energy  of  200.  80  and  20-30  keV.  Surpris¬ 
ingly  “the  80  keV"  peak  in  the  "B  contamination  of  the 
“’b  implant  is  missing.  This  discrepancy  can  only  be 
explained  by  a  possible  '”bH  contamination  during  the 
"b  implant  which  is  absent  in  the  "’b  implant  Possible 
causes  for  the  boron  contaminant  peaks  at  200  and 
20-30  keV  arc  ionisation  of  residual  gas.  molecular 
breakup,  reflections  from  slits  and  lining  of  the  beam 
line.  It  IS  unclear  how  much  these  various  processes 
contribute  to  the  (total)  contamination.  The  total 
amount  of  the  "’b  contaminant  of  a  deliberate  ''b 
implant,  on  the  two  types  of  implanter  investigated,  is 
not  very  significant,  typically  <  0  5%.  The  energy  con¬ 
tamination  of  "B.  of  a  "b  implant,,  can  be  between  \% 
and  6%  depending  on  the  vacuum  conditions  in  the 
implanler  (excluding  the  shallow  contaminant).  The 
shallow  contaminant  is  here  a  SIMS  artifact,  other  than 
with  a  similar  contiibution  in  the  ’’p  profiles  obtained 
on  high-current  implanters  discussed  earlier. 


4.  Conclusions 

Energy  contamination  was  investigated  to  assess  the 
u.sefulness  of  P’"^  for  high-energy  implants  on  two  types 
of  high-current  implanter.  The  energy  contamination/ 
beam  neutralisation  can  be  influenced  by  controlling 
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the  pressure  in  various  parts  of  the  implanter,  especially 
in  the  region  between  source  and  analyser,  and  in  the 
beam  line  and  end  station.  Reducing  and  controlling 
the  magnitude  of  the  amount  of  energy  contamination 
and  beam  neutralisation  on  high-current  implanters 
opens  the  way  to  P’  ^  usage  for  high-energy  implants. 

When  boron  is  implanted,  a  broad  spectrum  of  (en¬ 
ergy)  contaminants  occurs  owing  to  a  variety  of  causes 
During  a  boron  implant  the  wafer  was  also  con¬ 
taminated  with  '"^F  due  to  ionisation  of  residual  gas  in 
the  implanter.  The  partial  pressure  of  residual  gas  in  the 
implanter  has  a  large  influence  on  these  contaminants 
This  again  indicates  the  need  for  precise  control  of  the 
vacuum  in  the  implanter.  Not  only  a  good  vacuum  is 
important,  but  al.so  the  design  of  the  implanter  itself 
influences  contamination.  Boron  implants  performed  on 
a  medium-current  implanter  where  the  beam  is  made 
parallel  by  a  dipole  lens  magnet  prior  to  acceleration 
show  energy  contamination  with  an  energy  equal  to  the 
extraction  energy  [6]  This  contamination  probably  arises 
due  to  beam  neutralusation  between  the  magnet  and  the 
acceleration  stage  since  that  region  is  not  actively 
pumped. 

Phosphorus  implantations  made  on  high-current 
machines  show'ed  a  very  shallow  contamination  at  the 
surface  of  a  few  keV.  Probable  causes  may  be  sputtering 
and  reflections  from  slits  and  lining  of  the  beam  line. 


Careful  design  of  the  implanter  and  choice  of  materials 
can  reduce/ control  this  contaminant. 
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Energetic  neutral  contamination  in  modern  high-current  implanters 

S.  Cherekdjian  and  W.  Weisenberger 

Ion  Implant  Services,  1050  Kifer  Road,  Sunnyvale,  CA,  USA 


The  presence  of  energetic  neutrals  in  a  high-current,  high-energy  implant  can  result  m  nonuniformities  on  a  silicon  wafer.  A  larger 
concern  is  when  the  energetic  neutrals  are  not  of  the  desired  energy.  This  is  a  major  consideration  when  designing  ion  implanters  with 
pre-  and  post-acceleration  stages  This  paper  investigates  the  levels  of  pre-accelerated  boron  neutrals  present  in  a  180  kV  boron 
implant  The  machines  investigated  were  a  Nova  20A  and  an  Applied  Materials  PI90(X)  A  comparison  of  their  vacuum  systems  and 
their  ability  to  cope  with  photoresist  batches  and  argon  backfill  are  presented.  Silicon  wafers  were  mapped  by  four-point  probe 
resistivity  measurements  and  the  levels  of  pre-accelerated  neutrals  were  quantified  by  spreading  resistance  profiles  (SRPs)  It  is 
clearly  demonstrated  that  good  uniformity  on  a  bare  silicon  wafer  is  not  an  indicator  of  a  clean  ion  beam.  Even  though  it  is  well 
understood  that  this  problem  is  vacuum-related,  modern  high-current  implanters  are  still  being  built  and  marketed  with  improper 
vacuum  isolation  and  insufficient  pumping  capability 


I.  Introduction 

Ion  implanters  wtth  pre-  and  post-acceieratton  stages 
have  become  the  favored  modern  implanter  style  In 
this  configuration  the  ions  are  extracted  with  pre-accel¬ 
eration  voltages  in  the  region  of  20  to  100  kV.  The  tons 
are  then  analyzed  and  finally  post-accelerated  to  their 
required  energy  These  machines  have  been  favored 
owing  to  their  inherent  smaller  magnet  design,  their  ion 
current  being  in.sensitive  to  energy  and  their  easy  fmal 
lon-energy  adjustment 

Unfortunately  these  machines  are  .su.scepub'c’  to 
vacuum-related  process  problems  Improper  vacuum 
Lsolation  between  the  exit  of  the  analyzer  and  the  im¬ 
plant  chamber  or  the  .source  region  disturbs  the  energy 
purity  of  the  ion  beam  In  the  case  of  doubly  charged 
implants  the  contaminant  is  a  lower  energy  peak  associ¬ 
ated  with  a  loss  in  charge  state;  conversely,  molecular 
implants  have  a  higher  energy  peak  related  to  the  di.s- 
sociation  of  the  molecule  prior  to  post-acceleration  The 
former  event,  charge  reduction,  is  still  of  importance 
with  singular-charged  species  such  as  and  As*. 

If  beam  neutralization  occurs  after  the  analyzer,  unde¬ 
sirable  energetic  neutrals  will  be  created.  With  no  neu¬ 
tral  trap,  a  mechanically  scauued  system  ensures  that 
these  pre-accelerated  neutrals  will  reach  the  wafers.  In  a 
high-energy  implant  they  will  contribute  to  energy  and 
dosing  nonuniformities. 

The  pressure  burst  during  a  high-energy,,  high-cur¬ 
rent  implant  into  photoresist  batches  is  often  encoun¬ 
tered  in  production  and  assumed  to  produce  no  adverse 
effects.  The  ability  of  these  implanters  to  maintain  their 


energy  purity  and  doping  uniformity  under  these  condi¬ 
tions  IS  of  concern  This  work  utilizes  various  implant 
conditions  and  wafer  loads  to  elucidate  some  of  the 
typical  vacuum  failings  of  older  implanters  that  still 
plague  modern  high-current  implanters. 


2.  Experimental 

The  implants  were  performed  on  two  high-current 
machines,  a  Nova  20A  and  an  Applied  Materials  P19000 
Each  machine  was  operated  in  standard  production 
inode  for  maximum  throughput.  The  implant  used  to 
investigate  the  machines  was  "b*,.  1  x  lO''  lons/cm^. 
180  kV,  8-9  mA.  The  PI9000  was  configured  for  5  in. 
(batch  size  of  25)  and  the  Nova  was  configured  for  6  in. 
(batch  size  of  15).  This  ion  dose  provided  the  maximum 
detectable  neutral  level  from  the  photoresist  batches  [1] 
The  high  implant  energy  allowed  the  maximum  sep¬ 
aration  of  the  pre-  from  the  post-accelerated  neutials. 

The  implants  consisted  of  silicon  wafer  loads  with 
and  without  photi'resist  and  a  variety  of  diffcienl  pro¬ 
cess  chamber  pressures.  Argon  leaking  or  backfill  are 
utilized  in  the  electron  flood  gun  .systems  of  the  Nova 
20A  and  the  Applied  Materials  PI9(X)0.  All  the  test 
wafers  were  5  or  6  inch  bare  silicon  n-type  (100),  5-10 
fiem  The  sheet  photoresist  (AZ1350)  batches  were 
baked  at  100°C  for  30  minutes.  The  test  wafers  were 
rapidly  thermally  annealed  at  llOO^C  for  10  seconds 
and  mapped  on  a  Prometrix  11  IB  four-point  prober. 
Dopant  distributions  were  obtained  from  spreading  re¬ 
sistance  profiling  (SRP). 
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3.  Discussion 

Each  machine  section  discusses  the  vacuum  system 
from  the  end  station  to  the  analyzer,  the  measurement 
resolution  and  the  results  obtained. 

Table  1  summanzes  all  the  four-point  probe,  and 
SRP  data.  The  pre-accelerated  boron  concentrations 
were  estimated  by  equating  the  high-energy  boron  peaks 
with  the  implanted  dose  of  1  X  10'^  ions/cm‘.  The  level 
of  pre-accelerated  neutralization  can  then  be  de¬ 
termined  by  dividing  the  calculated  pre-accelerated 
boron  dose  signal  with  the  implanted  boron  dose  of 
1  X  lons/cm'  Theoretical  range  and  straggling  data 
were  obtained  from  PRAL  range  tables  [2]. 

.?  /  The  Nora  20A 

On  the  Nova  20A  the  end-station  pumping  is  pro¬ 
vided  by  a  10  inch  cryopump  on  the  side  of  the  process 
chamber  The  beam  line  is  serviced  by  two  turbopumps 
(fig.  1).  one  located  on  the  bend  of  the  analyzer  and  the 
other  placed  between  the  post-acceleration  stage  and 
the  electron  flood  gun.  This  turbopumping  isolation 
before  and  after  the  post-acceleration  stage  protects  this 
region  from  the  detrimental  pre.ssure  effects  from  the 
source,  the  flood  gun  and  the  end  station.  To  increase 
the  pumping  isolation  between  the  end  station  and  the 
beam  line,  the  Nova  20A  end  station  has  a  high-vacuum 
interlock.  When  the  end-station  pressure  has  recovered, 
the  ion  beam  is  gated  on  and  the  mechanical  scan 
continues, 


Table  1 

PROMETRIX  and  SRP  data  for  the  Nova  20A  and  the  PI9000 


Machine  Run 

Conditions 

Sheet  p 
IS2/D) 

0 

!%) 

SRP 

[%) 

NOVA  (1) 

Si 

85  41 

0  91 

_ 

20A  (2) 

pRbl 

75  70 

412 

4-5 

(3) 

Si,  AR">  (5X10'^  Torr) 

83  51 

0.86 

- 

(4) 

PR.  AR  (5x10  -  Torr) 

74.80 

4.32 

4-5 

P19000  (1) 

Si 

85  28 

0.81 

1.02 

(2) 

PR 

85  02 

1  35 

7  80 

(3) 

Si,  AR  (2E-5mbar) 

82  40 

0  69 

4  70 

(4) 

PR,  AR  (2E-5mbar) 

84.31 

0  71 

17  16 

(5) 

Si.  AR  (4E-5mbar) 

80.30 

0  70 

10  40 

PI9000.  20  kV  neutral  component  -  ratio  of  (1)  to  (2) 

Percentage  (1) 

Percentage  (2) 

102 

_ 

_ 

102 

+  6.78 

6.65 

4  70 

4  70 

+  12  46 

2  65 

10  40 

+ 

- 

Si:  Bare  silicon  wafers 

’’’  PR.  Sheet  photoresist  wafers +1  bare  silicon  wafer 
AR  Denotes  the  use  of  the  flood  gun  (pre'sure  used) 


The  SRP  data  for  this  machine  are  shown  in  fig.  1. 
For  80  keV  boron  ions,  the  boron  background  level  at  a 
depth  of  270  nm  is  about  6x10'^  atoms/cm\  A 
minimum  detectable  signal  from  pre-accelerated  neu- 


Fig  1.  SRP  profiles  and  vacuum  schematics  (A)  analyzer  tC)  cryopump.  (D)  diffu.sion  pump,  (E)  end  station,  (F)  electron  flood  gun 

and  arge.".  ’•  .ik.  (S)  source,  and  (T)  tiirbopump. 
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can  only  be  implemented  if  the  exact  /f-values  have 
been  determined  for  the  implant  conditions.  The  energy 
contamination  issue,  however,  is  not  corrected. 

3  2.  The  Applied  Materials  PI9000 

The  P19000  beam-line  vacuum  design  has  two  10  in. 
cryopumps,  one  located  at  the  side  of  the  end  station 
and  the  other  located  in  a  region  described  as  the 
"differential  pumping  box",,  which  contains  the  post- 
acceleration  stage.  This  pump  isolates  the  end-station 
pressure  effects  from  the  post-acceleration  stage.  Also, 
the  pump  has  the  floodgun  gas  leak  placed  in  front  of 
Its  pumping  orifice.  There  is  a  vacuum  interlock  on  the 
end-station  pre.ssure.  but  it  is  only  acknowledged  after 
the  implant  wheel  has  completed  the  scan.  This  .should 
be  improved  for  batches  containing  photoresist. 

The  .sensitivity  level  for  pre-accelerated  neutrals  in 
this  ion  implanter  is  greatly  enhanced  owing  to  their 
shallow-  20  keV  signal.  In  this  case  the  background 
boron  signal  is  now  at  least  an  order  of  magnitude 
lower  around  2  X  lO'’  atoms/cm\  Therefore,  a  detecta¬ 
ble  signal  .snould  be  about  1,.5  X  lO'^cm’  (corre.spond- 
ing  to  a  20  keV  boron  dose  of  1.5  X  10'*  lons/cm’). 
This  IS  a  vers  sensitive  neutral  resolution  level  of  0.15%. 

Fig.  1  displays  the  SRP  data  which  is  summarized  in 
table  1.  The  low-energy  boron  signals  in  fig  1  at  70  nm 
agrees  well  with  the  PRAL  value  of  79  nm.  confirming 
their  I'.rigin  is  from  the  source.  With  no  pressure  loading 
(no  photoresist  or  argon  leak)  a  constant  1%  level  of 
neutrals  is  present.  This  indicates  insufficient  vacuum 
isolation  between  the  source  and  the  analyzer.  This  level 
could  increase  as  the  pumping  efficiency  of  the  ion 
implanter  deteriorates  with  time.  The  isolation  could  be 
improved  by  running  the  source  leaner  and  installing 
conductance-limiting  apertures.  Better  still,  the  installa¬ 
tion  of  a  turbopump  between  these  two  regions  would 
be  a  good  .solution. 

The  effect  of  increasing  the  process  chamber  pres¬ 
sure  from  the  base  pressure  of  2  x  10  '’  mbar  with  no 
photoresist  wafers  present  to  2  x  10"'’  mbar  (the  re¬ 
commended  argon  leak  for  the  use  of  the  electron  flood 
system)  and  4x  10“  *  mbar  (argon  leak)  increases  the 
20  keV  neutral  level  by  3  68%,  and  9  38%.  respectively 
The  addition  of  24  photoresist  wafers  increases  the  20 
keV  neutrals  by  6.78%  with  no  argon  leak  and  12,46% 
with  an  argon  leak  of  2  x  10  ^  mbar,  respectively. 

The  presence  of  photoresist  wafers  results  in  the 
largest  detection  of  energetic  neutrals.  If  this  machine  is 
configured  for  6  or  8  rather  than  5  inches,  the  increase 
in  the  photoresist  bursting  would  be  a  theoretical  maxi¬ 
mum  of  44%  and  74%.  respectively.  The  single  cryo- 
pump  (C2  in  fig.  1)  over  the  post-acceleration  stage 
appears  inadequate. 

These  levels  of  neutralization  can  be  understood  by 
shutting  the  ion  beam  down  and  vacuum-testing  the 


ANALYSER  EXIT  ICN  GAUGE  (hBaR) 

Fig  3  PI9000  end-staiion  ion  gauge  versus  analyzer  ion  gauge 

isolation  between  the  end  station  and  the  exit  of  the 
analyzer.  An  ion  gauge  was  placed  at  the  exit  of  the 
analyzer  and  its  reading  is  plotted  as  a  function  of  the 
end-station  argon  leak  in  fig.  3.  It  can  be  seen  that  the 
end-station  argon  leak  of  (2-4)  x  10  mbar  increa.ses 
the  analyzer  pressure  from  9  x  10  ^  to  1.6  x  10  mbar. 
re.spectively  Photoresist  effects  typically  range  from 
1  x  lO"*  to  2x10  ■'  mbar;  at  the  end  station  this 
would  then  raise  the  analyzer  from  4.4  X  10"“'  to  9  X 
10  ■*  mbar  Although,  for  photoresist,  a  more  accurate 
repre.sentation  would  warrant  the  gas  leaked  to  be  hy¬ 
drogen,  It  nevertheless  reflects  the  poor  pumping  capa¬ 
bility  of  the  system  The  data  here  was  also  extrapolated 
from  the  last  data  point  at  5  X  10  "  mbar  This  assumes 
the  pumping  gradient  does  not  change.  It  should  be 
noted  that  specifying  the  electron  flood  raises  the  end 
station  to  2x10"^  mbar  and  consequently  increases 
the  pressure  at  the  exit  of  the  analyzci  to  9x10 
mbar.  Even  with  no  photoresist  this  will  cause  proce.ss 
problems  when  molecular  and  multicharged  species  are 
run. 

A  possible  redesign  of  the  vacuum  system  should 
move  the  wafers  away  from  the  post-acceleration  stage 
Two  in-line  cryopumps  could  be  added  and  the  post¬ 
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acceleration  stage  should  be  placed  between  these  two 
additional  pumps  and  the  original  cryopump  (C2  in  fig. 
1 ).  The  original  now  pumps  the  analyzer  while  the  other 
two  isolate  the  end  station.  The  flood  gun  and  its  gas 
leak  may  he  located  in  the  cryopump  closest  to  the  end 
station.  Two  additional  cryopumps  are  a  duect  conse¬ 
quence  of  the  large  pumping  load  the  end  station  pre¬ 
sents  as  Its  very  large  volume  is  argon-backfilled  during 
electron-flood-gun  runs,  usually  containing  photoresist 
wafers.  In  this  configuration  the  post-acceleration  sup¬ 
pression  electrode  should  be  moved  close  to  the  wafers 
to  eliminate  beam  blowup  effects  [5]. 

To  interpret  the  uniformity  of  the  wafer  maps  listed 
in  table  1,  the  effect  of  two  mam  contributions  of  beam 
neutralization  must  be  considered;  (1)  the  increase  in 
pressure  at  the  exit  of  the  analyzer  as  the  argon  Hood 
gun  leak  is  increased  and  (2)  the  pressure  burst  from  the 
photoresist  wafers.  The  former  results  in  a  relatively 
constant  flux  of  20  kV  boron  neutrals  while  the  latter  is 
a  time-varying  component  modulating  with  the  photore¬ 
sist  bursting.  As.suming  these  effects  can  be  linearly 
superimposed,  their  individual  contributions  are  shown 
in  table  1.  The  worst  uniformity  is  observed  in  run  2,- 
where  the  ratio  of  (2)  to  (1)  is  the  greatest.  This  nonum- 
formity  disappears  in  run  4  where  the  higher  argon 
pressure  has  increased  the  level  of  constant  20  keV 
neutrals  from  (1). 

The  most  interesting  effect  is  the  left-to-right  (slow- 
scan  direction)  dosing  striation  observed  in  runs  3  and  4 
(see  fig.  2)  The  common  factor  in  both  runs  is  the 
2x10"'  mbar  argon  leak  The  additional  neutraliza¬ 
tion  from  the  photoresist  wafers  from  run  4  help  to 
reduce  the  degree  of  striation.  Conversely  no  striping  of 
the  wafer  has  been  observed  in  run  5  where  the  argon 
pressure  is  now  4  X  10  *  mbar.  No  difference  in  ion 
beam  dimensions  were  observed  from  the  P19000  beam 
profiler  prior  to  these  runs  We  can  only  speculate  that 


a  neutral  hot  spot  present  in  run  3  has  increased  in  run 
5  beyond  the  critical  .v-axis  (slow  scan)  dimension  re¬ 
quired  for  wafer  striping. 


4.  Conclusion 

It  has  been  demonstrated  that  the  indication  of  a 
good  wafer-contour  map  is  no  measure  of  the  macro¬ 
scopic  uniformity  or  the  purity  ot  an  ion-implant  pro¬ 
cess. 

Ideally,  high-current  ion  implanters  should  be  imper¬ 
vious  to  end-station  pressure  effects.  The  achievement 
of  this  goal  would  lead  to  a  more  reliable  and  repro¬ 
ducible  implant.  Unfortunately  this  paper  has  shown 
that  modern  high-current  machines,  currently  available 
to  the  process  engineer.,  have  limitations  in  this  area. 
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Real  time  monitoring  of  particles  in  the  process  chamber  and  the  roughing  line  of  high  current  irnplanters  has  recently  been  ol 
invaluable  assistance  to  equipment  manufacturers  and  fabrication  line  process  engineers.  Earlier  in  situ  particle  monitors  were  limited 
in  their  performance  by  the  size  (  >  0  5  gm).  velocity  (  <  750  cm/s)  and  concentration  of  the  particles  (  <  100  particles/s)  to  be 
detected.  The  results  from  a  recently  developed  particle  monitor  capable  of  measuring  particle  sizes  down  to  >  0  22  gm,  installed  in 
a  PI9200  ion  implanter  are  discussed  here  It  is  demonstrated  that  an  equipment  engineer  can  study,,  test,  and  improve  autoclean 
cvcies  with  the  effect  of  an\  hardware  change  The  development  of  SPC  charts  and  possible  processing  interUxks  are  discussed. 


1.  Introduction 

Particulate  contamination  is  one  of  the  prime  con¬ 
tributors  to  yield  loss  in  advanced  IC  fabrication  [1], 
There  are  semiconductor  products  on  the  market  today 
that  are  sensitive  to  particles  as  small  as  0.1  pm.  This  is 
beyond  the  leading  edge  of  the  detection  capability  of 
today’s  monitoring  equipment,  However,  the  require¬ 
ment  for  the  number  of  particles  added  on  the  wafer 
surface  to  be  <0,03  particles/cm^  (measured  at  0  3 
pm)  Will  soon  be  here.,  and  equipment  clean  enough  to 
manufacture  and  monitor  these  devices  is  yet  to  be 
developed. 

In  the  interest  of  minimizing  particulate  contamina¬ 
tion  sources,  the  Applied  Materials  P19000  series  uses  a 
loadlock  to  transler  wafers  under  vacuum  into  the  im¬ 
plant  chamber  of  the  system  and  a  low  abrasion  wafer 
handling  design.  Having  a  uniform,  repeatable  wafer¬ 
handling  regime  means  that  numerous  variables  can  be 
eliminated,  making  it  much  simplei  to  track  down 
sources  of  contamination.  Fig.  1  illustrates  the  relative 
particle  performance  differences  between  processes  It 
also  represents  an  analysis  of  factors  contributing  to 
wafer  handling. 

Particulate  contributions  from  very  fine  particles  that 
are  transported  with  the  ion  beam  account  for  60  to 
90%  of  the  defect  density  [2],  Given  this  fact,  a  much 
more  desirable  approach  to  particle  control  in  vacuum 
systems  would  have  an  in  situ,  vacuum  compatible 
particle  monitor  placed  underneath  the  beam  line  for 
direct,  real-time  particle  detection.  This  would  allow 
optimization  of  particle  reduction  with  fewer  ambigui¬ 
ties  of  the  actual  particle  sources. 

The  purpose  of  this  paper  is  to  report  the  develop¬ 
ment  of  an  in  situ  particle  monitor  installed  in  the 


target  chamber  of  the  Applied  Materials  PI9200  high 
current  ion  implanter.  Initial  tests  were  carried  out  to 
determine  important  information  regarding  particle 
generation  mechanisms  and  particle  conditions  during 
the  impianter's  autoclean  cycle. 


2.  In  situ  particle  monitor  (ISPM)  development 

Most  observations  of  particles  in  processing  equip¬ 
ment.  particularly  in  vacuum  systems,  have  been  made 
by  running  silicon  wafers  through  the  equipment  and 
measuring  the  number  of  particles  added  to  each  wafer. 
This  type  of  measurement  consumes  both  process 
equipment  time  and  personnel  time  It  is  al.so  the  final 
judgement  of  the  particles  added  to  wafers  Yet  this 
technique  provides  only  after-the-fact  information  and 


Fig.  1  Pareto  analy.sis  of  factors  contributing  to  wafer  par¬ 
ticulate  addition  from  process  equipment 
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specific  particle  sources  in  the  equipment  are  usually 
difficult  to  isolate  using  this  method. 

Pioneering  PFM  (particle  flux  monitor)  tools  have 
been  thoroughly  charactenzed  [3].  It  was  found  that 
particle  monitors  were  limited  in  their  performance  by 
the  size,  velocity  and  concentration  of  the  particles  to 
be  detected,  and  therefore  had  low  count  rates  The 
development  program  described  below  was  initiated  to 
address  the.se  limitations,  resulting  in  the  creation  of  a 
more  advanced  tool.  The  anticipated  benefits  of  this 
new  capability  are:  detection  of  particulate-generating 
events  at  the  earlier  stages  of  particle  development, 
quantification  of  process  step  contributions  to  wafer 
surface  contamination,  and  feedback  in  developing  stat¬ 
istical  process  control  (SPC). 


3.  Experimental  setup 

The  largest  contributor  to  particle  contamination 
during  the  whole  implant  cycle  is  the  exposure  to  the 
ion  beam.  The  exact  magnitude  of  the  contribution 
varies  in  a  complicated  way  with  species,  energy.,  dose, 
current,  ion  optics,  beam  size  and  position.  The  particle 
monitor  sensor  has  been  installed  in  the  Applied 
Materials  P1920C  ion  implanter.  Fig.  2  shows  the  loca¬ 
tion  of  the  .sensor  in  the  target  chamber.  It  is  mounted 
directly  underneath  the  last  electrode  of  the  beam  line. 
Since  the  wafers  undergo  the  greatest  stress,  and  are 
thus  most  likely  to  shed  particles,  when  they  pass  the 
beam.  The  effective  area  of  particle  detection  is  in 
alignment  with  the  wheel  so  that  the  .sensor  will  see 
most  of  the  particles  after  the  wafers  pass  the  beam  A 
schematic  diagram  of  the  optical  system  for  the  sensor 


Fig  2  Location  of  in  situ  particle  monitor  in  the  PI9200  target 
chamber 


Fig  3  A  schematic  diagram  of  the  optical  system  for  the 
sensor 


is  shown  in  fig.  3  The  sen.sor  consists  of  a  laser  diode, 
beam  stop,  a  set  of  optical  lenses  for  collecting  scattered 
light  and  a  photodetector.  As  particles  fall  through  the 
laser  light.,  they  scatter  light  toward  the  photodetector 
The  particle-induced  .scattered  light  is  collected  per¬ 
pendicular  to  the  laser  axis  to  reject  the  continuous 
background  emission  from  the  la.ser  diode 

Particle  monitor  evaluations  were  performed  both  on 
the  bench  and  in  the  implanter.  Benchtop  evaluations 
with  monosized  latex  .spheres  were  conducted  using  a 
0.1  fim  28.3  l/min  (1  cfm)  aerosol  particle  counter  as  a 
reference  for  sizing/ counting  efficiency.  This  testing 
determined  that  our  smallest  detectable  particle  size  is 
0.22  pm  with  an  estimated  detection  urea  for  this  size  of 
5  mm^  Calculated  detection  area  for  0.3  pm  particles 
was  15  mm‘,,  for  0,509  pm  was  40  mm%.  and  for  1  09  pm 
was  75  mm’ 


4.  Results 

Results  of  particle  measurement.s  made  on  the  in  situ 
particle  monitor  with  various  beam  currents  are  shown 
in  fig.  4a  and  b  Initial  monitoring  showed  that  the 
particle  count  was  roughly  dependent  on  the  current  of 
the  beam.  Each  neak  corresponds  to  the  number  of 
particles  .spinning  ^ff  the  wafers  after  passing  through 
the  beam. 

An  interesting  effect  seen  in  fig.  4a  is  the  reducing  of 
the  particle  levels  with  time,  which  may  be  due  to  the 
depletion  of  some  particle  re.servoirs.  In  practice  there 
will  be  a  large  number  of  particle  reservoirs  (e.g.,  elec¬ 
trodes,  front  plate,  beamstop,  etc.).  Any  one  of  these 
which  is  disturbed  or  under  stress  can  produce  a  total 
contribution  onto  the  wafer  of  10  to  200  particles,  f^nce 
the  disturbance  is  stabilized,  the  individual  contributors 
may  decrease  or  stay  constant  with  time. 

Although  we  do  not  have  enough  statistical  results  to 
show  the  direct  correlation  between  the  particle  counts 
obtained  from  the  particle  monitor  and  the  wafer 
surface,  it  has  been  ob.served  in  fig.  4a  that  the  ratio  of 
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Fig  4  The  particle  mea-surement^  made  on  the  in  situ  particle 
monitor  with  beam  current  at  (a)  12  5  niA  and  (b)  15  niA 
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Fig  5  Particle  counts  in  the  target  chamber  during  three 
sutcessne  short  autoclean  cycles 


the  monitor  counts  to  the  vsafer  counts  is  much  higher 
than  yve  expect  The  average  particle  count  for  this 
implant  is  below  40  ppyv  at  0  3  pm  on  a  150  mm  wafer. 
This  data  strongly  suggei.ed  that  the  majority  of  the 
particles  froni  the  beam  line  do  not  stay  on  the  surface 
of  the  wafers. 

The  sensor  has  also  been  used  to  optimize  autoclean- 
ing  cycles  The  autoelean  procedure  is  an  effective  way 
to  clear  particles  from  the  target  chamber  It  consists  of 
a  senes  of  alternating  roughs  and  vents,  usually  with  the 
wheel  spinning  This  procedure  is  designed  to  stir  up 


free  particles  and  pump  them  out  the  roughing  lines 
Fig  5  shows  the  particle  counts  as  a  function  of  time 
for  three  successive  autoeleans  All  the  events  during  the 
autoclean  cycle  are  annotated  in  the  figure.  Each  short 
autoelean  cycle  requires  10  minutes.  The  benefit  can  be 
seen  with  the  aid  of  fig  5  It  shows  the  rapid  drop  in 
counts  by  the  third  cycle  I'he  benefit  of  an  in  situ 
particle  monitor  is  that  time  can  be  .saved  when  the 
target  chamber  is  relatively  clean  and  the  number  of 
short  autoelean  cycles  can  be  reduced  This  is  consistent 
with  earlier  results  on  different  implanters  [4,5] 
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F  ig  6  An  example  ol  SPC  than  used  in  particle  analysis 
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f'rg,  7.  Flow  diagram  of  closed  Ux)p  particle  control 


5.  Closed  loop  particle  contiol 

The  Applied  Materials  in  situ  particle  monitor  and 
stand  alone  PC  will  provide  diagnostic'  routines  which 
prevent  the  start  of  an  implant  if  the  monitoring  system 
indicates  that  a  preset  particle  level  is  being  exceeded 
The  closed  loop  particle  control  will  then  interrupt  the 
process  The  combination  of  real  time  process  control 
and  product  protection  is  designed  to  sustain  high  prod¬ 
uct  yield  levels  while  maximizing  system  throughput 
and  availability. 

Each  time  the  PI9200  ion  implanter  processes  a 
batch  of  wafers,  the  particle  counts  collected  throughout 
the  whole  process  will  be  integrated  and  stored  on  the 
PC  hard  disk  so  that  it  can  be  displayed  on  a  stati,stical 
process  control  (SPC)  chart.  Thresholds  will  be  e.stab- 
hshed  for  the  entire  run  When  these  thresholds  are 
exceeded,  either  a  warning  mes.sage  will  be  sent  to  the 
equipment  operator.,  or  the  equipment  will  be  com¬ 
manded  to  pause  the  sub.sequent  runs  An  example  of 
an  SPC  chart  is  shown  in  fig.  6  Each  chart  will  .show 
the  total  particles  per  run  for  a  specific  recipe  or  lot 
number.  Individual  recipe  names  will  have  control  limits 
and  full  SPC  analysis  will  be  available  from  the  PC 

This  new  version  will  be  able  to  enter  a  more  auto¬ 
matic  mode  where  the  implanter  will  tell  the  particle 
monitor  when  a  process  is  started  or  stopped.  This  will 
allow  the  particle  monitor  to  request  run  information 
from  the  implanter.  and  start  and  stop  particle  coimlinp 
without  diiect  operator  intervention  This  information 
will  be  .sent  to  the  particle  monitor  from  the  implanter 
in  the  form  of  events  transmitted  over  a  SECS  link  (see 
fig.  1). 


6.  Conclusion 

The  new  in  situ  particle  monitor.,  with  the  minimum 
detectable  particle  size  of  0  22  pm.  shows  sensitivity  to 
particle  conditions  during  the  ion  implanter's  autoclean 
cycle  and  real  time  particle  detection  during  arsenic 
implants  with  various  beam  currents  The  application  of 
SPC  will  provide  an  efficient  means  of  recording  par¬ 
ticle  data  It  will  also  provide  the  operator  with  real 
time  proce.ss  control  information  so  that  immediate 
action  can  be  taken  to  stop  processing  when  particle 
courts  exceed  a  set  level. 
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This  investigation  will  present  measurements  of  silicon  (100>  wafers,  implanted  with  lilt  angles  in  the  range  7-60°.  which 
identify  combinations  of  tilt  and  a/.imiiihal  (twist)  angles  that  avoid  major  channeling  zones  The  orientations  identified  in  this  study 
minimize  channeling  effects  even  for  vc'.y  low  dose  implantation  A  .stereographic  projection  demonstrates  that  all  major  variations  in 
observed  channeling  behavior  are  explained  by  channeling  in  the  six  major  (low  Miller  index)  ciystallographic  axes  and  planes  The 
implanted  wafers  were  characterized  using  modulated  reflectance  and  SIMS  measurements  We  investigated  the  relative  seventy  of 
ion  channeling  in  major  poles  and  planes  and  the  effect  of  energy  and  .species  variations  on  channeling  behavior  1  he  physical  basis 
for  the  observed  variations  is  explained  by  employing  the  concepts  of  critical  channeling  angles  and  average  distance  traveled  within 
a  channel 


1.  Introduction 

Ion  implantation  piocesses  employing  large  tilt  an¬ 
gles  (7-60°  )  have  stimulated  great  interest  m  the  recent 
past  due  to  the  advanced  device  fabrication  capability 
this  implantation  technique  offers,  particularly  when 
used  in  conjunction  with  in  situ  wafer  rotational  repo.si- 
tioning  (1). 

Previous  investigations  of  optimum  silicon  wafer 
orientation  for  channeling  (dopant  profile)  control  have 
typically  described  the  range  of  tilt  angles  from  0  to 
about  10°  (2J.  although  the  range  0-20°  has  been 
characterized  by  Ziegler  and  Lever  with  backscattering 
techniques  [3],  In  order  to  obtained  dopant  profile 
control  when  using  larger  tilt  angle.s,  optimum  wafer 
orientations  must  be  identified  which  will  avoid  major 
channeling  zones. 

2.  Experimental  methods 

150  mm.  prime  silicon  (100)  wafers  without  a  screen 
oxide  were  implanted  using  a  systematic'  matrix  of  tilt 
and  azimuthal  (twist)  angle  combinations  lilt  is  de¬ 
fined  as  the  angle  between  the  incident  ion  beam  vectoi 
and  a  vector  perpendicular  to  the  wafer’.s  surface  at  the 
wafer's  center  Twist  is  defined  as  the  rotational  angle 
between  a  projection  of  the  beam  vector  onto  the  wafer’s 
surface  and  the  {110}  planes  perpendicular  to  the 
w'afer’s  major  flat. 

All  implants  were  performed  on  an  Eaton  NV- 


6200AV,.  a  modern,  electrostatically  scanned  medium 
current  ion  iinplanter  which  allows  any  combination  of 
tilt  angles  0-60°  with  twist  angles  0-360°  [4].  Direct 
measurements  on  this  .mplanter  system  revealed  that 
both  the  accuracy  and  precision  of  the  tilt  and  twist 
orientation  were  <  +025°  and  <  +2.0 “..•respectively 
The  tilt  accuracy  includes  the  (100)  alignment  error  of 
the  .silicon  substrates  The  advanced  digital  scan  system 
of  this  implanter  effectively  eliminates  the  cros.s-wafer 
nonumformity  resulting  from  geometric  effects  at  any 
tilt  angle  0  to  60°.  allowing  a  typical  implant  uniform¬ 
ity  of  <  0  5%.  one  sigma  [5]  throughout  the  available 
tilt  range. 

The  majority  of  the  wafers  were  implanted  with  a 
boron.  100  keV,,  5  X  lO"  cm  ^  implant  Smaller  groups 
of  wafers  were  implanted  using  boron  at  energies  of 
10-400  keV  and  phosphorus  at  50-600  keV 

After  implantation,  all  wafers  were  characterized  by 
modulated  reflectance  measurements  in  a  Therma-Wave 
InC  TP-300  [6],  using  two  modes,  high  spatial  density 
conformal  mapping  and  diameter  .scans.  The  cross-wafer 
uniformity  (%,  one  sigma)  and  the  average  value  from 
modulated  reflectance  measurements  on  each  wafer  were 
plotted  as  a  function  of  the  tilt  and  twist  angle  setting 
for  that  wafer  The  measurements  are  in  therma-wave 
units  (TW).  an  arbitrary  unit  of  modulated  reflectance, 
which  IS  proportional  to  the  damage  produced  by  the 
implanted  ions  [7]  Therefore,  increased  channeling 
would  cause  a  reduction  in  TW  signal,  becau,se  chan¬ 
neled  ions  produce  less  damage  in  the  substrate. 
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The  therma-wave  modulated  reflectance  measure¬ 
ment  IS  quite  sensitive  to  the  distortions  of  the  as-im- 
planted  profile  which  result  from  ion  channeling  during 
implantation:  this  is  demonstrated  in  fig.  1.  This  figure 
contains  an  overlay  of  seven  implant  profiles,  measured 
using  secondary  ion  mass  spectroscopy  (SIMS)  [8],  from 
different  locations  on  a  radius  of  the  same  silicon  (100) 
wafer,  the  wafer  had  also  been  mapped  in  TW  units. 
This  wafer  had  been  implanted  (with  no  screen  oxide) 
using  180  keV..  5  X  lO"  cm‘^“  boron  in  a  variable  scan 
angle  implanter  at  a  tilt  angle  of  0°  (ion  beam  aligned 
with  the  (100)  pole  at  the  wafer  center).  This  re.sulled 
in  a  range  of  known  ion  beam  orientation  angles  to  the 
(100)  pole  at  different  locations  on  the  wafer’s  radius 
SIMS  profiles  from  the  seven  locations  were  correlated 
with  the  known  ion  beam  orientation  angle  to  the  (100) 
and  the  measured  TW  value  for  each  location,  resulting 
in  fig  1  As  indicated  there,  a  variation  of  a  few  percent 
in  rw  units  means  a  fairly  dramatic  shift  m  the  as-im- 
planted  profile  has  occurred. 


3.  Results 

The  plots  of  average  TW  value  and  cross-wafer  TW 
uniformity  ('?.  one  sigma)  for  the  boron.  100  keV,. 
5  X  lO"  cm  '  ■  implant  condition  are  pre.sented  in  fig.  2 
Fig  2a  presents  this  data  for  a  constant  twist  angle 
(2.1°  )  at  various  tilts  from  0  to  60°.  Figs  2b-f  provide 
this  data  as  a  function  of  twist  angle  for  various  (fixed) 
tilt  angles 

The  ion  beam  is  aligned  with  major  channeling  fea¬ 
tures  at  those  orientations  in  fig  2  which  exhibit  signifi¬ 
cantly  decrease  1  average  TW  value  and  degraded  TW 
uniformity  Conversely.,  orientations  which  display  the 
best  TW  uniformities  and  local  maxima  in  average  TW 
values  arc  orientations  where  the  ion  beam  is  not  aligned 


DFPTH  (microns) 

Fig.  1  Ihcrma-wave  (TW)  modulaled  reflectance  signal  .sensi- 
livity  to  as-implanted  profile  changes  from  (lOOy  axial  chan¬ 
neling  variations,  determined  by  SIMS  measurements  for  a 
boron.  180  keV.  5  x  lo"  cm  '  implant  without  a  screen  oxide 


with  major  channeling  features,  profile  control  should 
be  optimum  there.  Table  1  summari/.es  the  optimum 
combinations  of  tilt  and  twist  angles,  obtained  from  the 
data  in  fig.  2..  for  the  boron.  100  keV,.  5  x  lO"  cm  " 
implant  condition. 


4.  Discussion 

All  major  variations  of  average  TW  value  and  TW 
uniformity  observed  in  fig  2  can  be  explained  by  con¬ 
sidering  channeling  in  six  major  (low  Miller  index) 
poles  and  planes.  This  is  demonstrated  by  considering 
fig.  3.  a  stereographic  projection  [9]  foi  the  silicon 
lattice  as  viewed  along  a  (100)  pole.  This  projection 
represents  the  entire  twist  range  0-360°  because  of  the 
mirror  symmetry  about  the  {110}  planes  and  the  90° 
rotational  .symmetry  about  the  (100)  poles.  Note  that 
the  0°  twist  references  in  figs.  2  and  3  are  the  {110} 
planes  because  these  planes  correspond  to  the  major 
wafer  flat.-  which  is  the  twist  orientation  reference  in 
most  implanter  equipment. 

The  major.,  low  Miller  index  poles  and  planes  are 
represented  in  fig  3  by  the  largest  filled  circles  and 
heaviest  lines,  respectively  Higher  Miller  index  poles 
are  repre.sented  by  smaller  filled  circles;  for  simplicity, 
many  of  these  poles  are  not  indicated  here  The  regions 
of  angle  space  in  the  stereographic  projection  which 
were  investigated  by  the  implants  whose  TW  measure¬ 
ments  are  plotted  in  fig  2  are  identified  by  light  dashed 
lines.  The  electrostatic'  scan  system  of  the  NV-6200AV 
ion  implanter  u.sed  in  this  study  produces  small  varia¬ 
tions  in  ion  beam  orientation  as  the  beam  is  scanned 
across  the  wafer  The  tilt  and  twist  angle  space  “sam¬ 
pled”  by  the  .scanned  ion  beam  depends  on  the  tilt  angle 
(and  wafer  size)  employed  for  the  implant,  the  space 
sampled  at  higher  tilt  angles  is  greatly  reduced  from 
that  at  lower  tilt  angles  The  angle  space  sampled  by  the 
area  of  one  150  mm  wafer  is  visualized  by  the  small 
ellipses  m  fig.  3. 

By  considering  each  part  of  fig.  2  in  the  light  of  fig 
3.  all  major  variations  are  explained.  Wherever  the 
dotted  lines  (representing  the  tilt/ twist  implant  matrix) 
m  fig  3  encounter  a  major  plane  or  pole,  a  relatively 
major  decrea.se  in  TW  value  and  increa.se  in  TW  non- 
uniformity  appears  in  the  corresponding  plot  in  fig  2 
which  contains  the  t’lt/ twist  angles  of  the  encounter 

For  example,  in  fig.  2a,  the  large  TW  and  uniformity 
variations  which  occur  at  0°  tilt,  at  about  37°  tilt,  and 
about  47°  tilt  are  caused  by  ion  beam  alignment  with 
the  (100)  pole,  {111}  planes,  and  {110}  planes,  re,spec- 
tively.  (The  relatively  minor  TW  variations  at  about  25° 
tilt  are  caused  by  higher  Miller  index  poles,  previously 
reported  by  Ziegler  and  Lever  [3],  which  are  not  indi¬ 
cated  in  fig.  3  but  which  were  obvious  in  the  TW 
conformal  maps  of  the.se  wafers.  The  effect  of  these 
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A.  23°  TWIST  vs  TILT  B.  7°  io°,  12°  TILT  vs  TWIST 


TILT  ANGLE  (DEGREES) 


TWIST  ANGLE  (DEGREES) 


C.  20°,  25°  TILT  VS  TWIST 


-10-5  0  5  10  15  20  25  30  35  40  45  50  55  80 
TWIST  ANGLE  (DEGREES) 


D.  35°.  45°  TILT  VS  TWIST 


-10-5  0  5  10  15  20  25  30  35  40  45  50  55  60 
TWIST  ANGLE  (DEGREES) 


E.  55°  TILT  vs  TWIST  F.  60°  TILT  vs  TWIST 


TWIST  ANGLE  (DEGREES)  *NGLE  (DEGREES)' 

Fig  2  TW  average  value  and  cross-wafer  uniformity  (%,  one  sigma)  for  various  tilt  and  twist  angle  combinations,  as  noted  above 
(All  implants  are  boron,  100  keV.  5  x  lo"  cm '  without  screen  oxides.) 


poles  IS  also  evident  at  about  20°  twist  for  25°  tilt,  and 
less  so  for  20°  tilt,  in  fig.  2c.)  In  th's  manner,  direct 
comparison  of  the  channeling  behavior  in  fig  2  and  the 
location  of  poles  and  planes  in  fig  3  explains  all  major 
channeling  variations 

The  relative  magnitude  of  T\V  variations  in  fig.  2 
from  channeling  into  the  different  major  features  is 
explained  by  the  data  presented  in  fig.  4.  The  informa-- 
tion  in  this  figure  also  reveals  the  effect  of  energy 
variations  on  channeling  behavior.  This  data  was  ob¬ 
tained  by  appropriately  oriented  TW  diameter  scans  of 
wafers  which  had  been  deliberately  oriented  during 
implantation  so  that  the  ion  beam  was  aligned  with  a 


selected  channeling  ^one  over  a  portion  of  the  target 
surface  during  scanning.  Correlation  of  the  measured 
TW  value  with  position  on  the  measurement  diameter 
and  accurate  knowledge  of  the  ion  beam  .scan  angles  on 
the  target  plane  allowed  plotting  of  the  measured  TW 
values  as  a  function  of  ion  beam  alignment  with  the 
channeling  zone,  in  degrees.  The  measured  TW  values 
for  each  wafer  have  been  normalized  to  the  minimum 
(channeled)  value,  and  are  presented  as  a  percent  varia¬ 
tion  in  the  plots  in  fig.  4. 

By  examining  the  plots  in  fig.  4,  the  relative  magni¬ 
tude  for  channeling  of  boron  ions  in  several  major  zones 
is  revealed.  Channeling  from  poles  clearly  overshadows 
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Table  1 

Optimum  wafer  orientations  for  channeling  control  for  boron, 
100  keV,  5  X  lO”  cm  implants  without  screen  oxide 


Tilt  angles 

Optimum  twist  angles  •’* 

7° 

25-33° 

10° 

23-35° 

12® 

15-37° 

20° 

12°  or  26-32° 

25" 

12°  or  28-38° 

.35° 

28-38° 

45° 

18-26° 

55° 

14-23°  or  32-38° 

60° 

18-20°  or  40-45° 

Experimental  orientation  accuracy  for  tilt  and  twist  angles  is 


<  ±025°  and  <  ±20°,  respectively 


F'lg  3  Stereographic  projection  of  the  silicon  lattice  for  the  till 
range  0-90°  from  the  (100)  pole  and  the  twist  range  0-45° 
from  the  (110}  planes  toward  the  (100)  planes. 

that  from  planes,  ihts  observation  has  been  reported  tn 
previous  inve.stigations  [3]  Also,  {110}  planes  manifest 
significantly  more  severe  channeling  than  {100}  planes 
This  hierarchy  explains  the  relative  magnitude  for  most 
of  the  major  TW  variations  in  fig  2.  particularly  near 
0°  lilt  m  fig  2a  and  for  0°  twist  relative  to  45°  twist 
at  the  various  tilts  in  figs  2b  and  c'. 


Table  2 

Boron  critical  angle  and  average  channeled  distance 


Channel 

Critical  angle 
[dvg] 

Average 
distance  [A] 

(110)  pole 

2,2 

3400 

(111)  pole 

1  92 

1750 

(100)  pole 

1  74 

1180 

{111 }  plane 

1.04 

720 

{110}  plane 

0.94 

800 

{100}  plane 

0  79 

780 

■"  Critical  angles  for  100  keV  boron  calculated  using  a  ZBL 
specific  boron-silicon  interatomic  potential  [11] 


Average  distance  traveled  in  the  channel  for  boron  ions 
entering  at  1°  off  perfect  alignment,  calculated  using 
MARLOWE  code  (at  100  keV  for  planes  and  80  keV  for 
poles) 


The  severity  of  channeling  in  a  pole  or  plane  (ignor¬ 
ing  dose  effects)  depends  strongly  on  its  critical  accep¬ 
tance  angle.  This  angle  is  dependent  on  the  atomic' 
number  (Z)  and  en^gy  (£)  of  the  implant  species:  it  is 
proportional  to  (Z/£)''^‘  [10],  A  summary  of  critical 
angles  (for  boron  at  100  keV)  for  all  major  features 
affecting  the  measurements  in  fig.  2  is  presented  in  table 
2.  These  angles  were  calculated  using  a  ZBL  interatomic 
potential  specific  to  boron  and  silicon  [11],  which  yields 
critical  angles  smaller  than  previous  calculations  Also 
contained  in  table  2  are  the  average  distances  traveled 
by  a  channeled  ion  in  these  same  major  poles  and 
plane.s,  calculated  using  MARLOWE.  As  is  clear  from 
this  table,  major  poles  will  have  significantly  greater 
channeling  effects  than  major  planes,  and  {110}  planes 
will  have  worse  channeling  effects  than  {100}  planes,  as 
is  experimentally  verified  in  fig  4.  Consideration  of  the 
critical  chatmeling  angles  and  average  channeled  dis¬ 
tance  indicates  the  degree  of  channeling  will  be  greatest 
for  (110)  poles,  then  (111)  poles,  followed  closely  by 
(100)  poles:  this  is  consistent  with  the  behavior  ob¬ 
served  for  these  poles  in  figs.  2a,  d,  and  e  Furthermore, 
the  table  predicts  that  {111}  planes  manifest  channeling 


<100>  POLE  {110}  PLANE 


{100}  PLANE 


ANGLE  FROM  ALIGNMENT  (DEGREES) 


Fig  4  The  energy  dependence  of  the  sensitivity  to  ion  beam  orientation  for  channeling  of  boron.  5x  lO"  cm  ",  7°  tih  implants 
(without  a  .screen  oxide)  into  (100)  poles,  {110}  planes,  and  {100}  planes 
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slightly  worse  than  (110}  planes,  which  will  clearly  be 
worse  than  (100)  planes;  this  is  consistent  with  the 
relative  variations  observed  for  these  planes  in  figs.  2a 
and  f  ({111}  vs  {110}),  fig.  2b,  and  fig.  4  ({110}  vs 
{100}). 

Fig.  4  also  demonstrates  the  variation  in  channeling 
behavior  as  the  energy  of  a  5  X  lO"  cm'  ’  boron  im¬ 
plant  IS  varied  from  400  down  to  10  keV,  The  highest 
energy  implants  have  the  smallest  critical  angles,  but 
channeling  variations  are  greater  at  high  energy  because 
the  sensitivity  to  small  changes  in  ion  beam  orientation 
near  alignment  is  greater.  This  sensitivity  is  reduced  by 
reducing  the  energy,  because  the  critical  channeling 
angle  depends  on  (Z/£)'^^,,  .so  that  lower  energy  will 
produce  larger  channeling  acceptance  angles.  Although 
this  means  that  acceptance  into  all  major  channels  is 
easier,  it  also  means  reduced  sensitivity  to  small  varia¬ 
tions  near  alignment  with  any  particular  channel  For 
example,  in  fig.  4,  when  the  boron  implant  energy  is 
below  about  20  keV,  the  manifestation  of  channeling 
variation  caused  by  {100}  planes  is  eliminated,  even  at 
5  X  10"  cm  ■  dose 

When  increasing  the  physical  tilt  angle  (6)  while 
keeping  the  beam  aligned  with  a  planar  channel,  the 
average  distance  traveled  by  a  channeled  ton  (per¬ 
pendicular  to  the  wafer’s  surface)  is  reduced  by  a  factor 
cos  8  [12],  consequently,  there  is  a  reduction  of  chan¬ 
neling  variations  when  0  is  large  This  explains  the 
absence  of  {100}  planar  channeling  effects  for  60°  tilt 
at  tne  4.5°  twist  position  and  the  diminished  elfect  of 
{110}  planar  channeling  at  0°  twist  in  fig.  2f 

In  the  same  manner  that  boron  channeling  behavior 
IS  characterized  in  fig.  4,  we  also  characterized  channel¬ 
ing  in  phosphorus  5  X  lO"  cm'^  implantation.  The 
same  general  channeling  tendencies  were  observed  with 
phosphorus  as  with  boron,  except  that  the  sensitivity  of 
channeling  to  orientation  was  reduced  by  the  selection 
of  the  heavier  species,  and  reductions  in  implant  energy 
more  quickly  reduced  this  sensitivity  for  phosphorus 
than  for  boron.  The.se  effects  are  expected  when  the 
critical  acceptance  angle  is  increa.sed  by  selection  of 
phosphorus  (Z=15)  instead  of  boron  (Z  =  5).  The 
changes  in  channeling  behavior  from  energy  and  species 
variations  we  observed  were  consistent  with  previous 
reports  [3] 

When  comparing  our  data  for  phosphorus  and  boron, 
we  observed  the  channeling  behavior  for  specific  im¬ 
plant  conditions  with  the  same  ratios  is  c.s- 

seiitidlly  identical  This  occuns  because  the  5x10" 
cm'^  dose  used  here  is  too  low  to  allow  significant 
channeling  differences  from  accumulated  crystal  damage 
to  appear  in  a  comparison  of  these  two  species.  Since 
channeling  is  not  effectively  reduced  by  increasing  the 
implant  dose  until  an  amorphous  layer  is  formed,  con¬ 
sideration  of  critical  channeling  angles  and  characteriza¬ 
tion  of  orientation  sensitivity  (as  presented  m  fig.  4) 


should  allow  reasonably  accurate  general  predictions  of 
channeling  behavior  for  a  wide  range  of  species  and 
energy.,  at  doses  up  to  the  formation  of  amorphous 
layers. 


5.  Conclusion 

Optimum  wafer  orientations  (tilt/ twist  combina¬ 
tions)  for  the  tilt  range  7-60°  have  been  identified  for 
a  boron.  100  keV,.  5  X  lO"  cm'^  implant  (table  1). 
These  orientations  should  provide  adequate  channeling 
(profile)  control,  even  for  implantations  employing  very 
low  doses. 

A  stereographic  projection  reveals  that  all  major 
variations  in  the  experimentally  observed  channeling 
behavior  from  7-60°  can  be  explained  by  considering 
channeling  in  the  six  major,,  low  Miller  index  crystallo¬ 
graphic'  poles  ((100),  (110)  and  (111))  and  planes 
({110}..  {Ill}  and  {100}) 

The  relative  severity  of  ion  channeling  in  these  major 
poles  and  planes,  and  the  effect  of  energy.-  species  and 
tilt  angle  variations  on  the  manifestation  of  channeling 
can  be  explained  using  the  concepts  of  critical  channel¬ 
ing  angle  and  average  distance  traveled  for  channeled 
ions 

The  orientations  identified  here  will  apply  to  a  broad 
range  of  implant  conditions  However,  implantations 
employing  conditions  with  a  significantly  larger 
(Z/Zf)'  "  ratio  (lower  energy/higher  mass)  and/or 
much  higher  doses  (  »  5  X  lO''*  cm  '")  will  have  a  larger 
set  of  acceptable  orientations  Conversely,  implants  with 
a  significantly  smaller  (Z/£,'''^  ratio  (higher  energy/ 
lower  mass)  using  low  doses  (<<  1  X  10'’*  cm'")  will 
have  a  more  constrained  set  of  allowable  orientations, 
due  to  increased  sensitivity  to  ion  beam  orientation  of 
channeling  effects  for  all  crystallographic  features  in  the 
silicon  lattice,  particularly  higher  Miller  index  poles  [3] 
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Energy  contamination  of  ion  beams  on  the  Varian,  EXTRION  220 
medium  current  implanter 

P.F.H.M.  van  der  Meulen.  S.  Mehta  and  R.E.  Kaim 

I'anan  Ion  Implant  Systems,  Gloucester,  MA  0I9.W,  USA 

Singly  charged  contaminant  beams  have  been  analyzed  during  P’’^  implants  on  an  EXTRION  220  medium-current  ion 
implanter  A  method  has  been  developed  for  measuring  the  amount  of  contamination  prior  to  the  actual  implant.  The  measured 
amoun.  of  singly  charged  energy  contamination  in  the  doubly  charged  ion  beam  has  been  related  to  a  shift  in  sheet  resistance  of  the 
implanted  layer.  This  shift  is  proportional  to  the  amount  of  energy  contamination.  This  measurement  proves  to  be  more  sensitive 
than  SIMS  analysis  for  the  implant  that  was  monitored. 


'/r 

M: 


1.  Introduction 

The  use  of  doubly  charged  ions  for  ion  implantation 
IS  an  accepted  method  to  extend  the  energy  range  of  ion 
implanters.  Doubly  charged  ion  beams  have  several 
disadvantages  compared  to  singly  charged  beams.  First, 
the  yield  of  doubly  charged  ions  in  most  conventional 
ion  sources  is  much  lower.  This  limits  the  available 
beam  current  and  hence  reduces  wafer  throughput.  Sec¬ 
ond.  doubly  charged  beams  can  contain  ions  with  an 
energy  different  from  the  main  beam  This  is  called 
energy  contamination.  It  is  caused  by  the  interaction  of 
ions  extracted  from  the  ion  .source  with  re.sidual  gas 
molecules  Energy  contamination  can  result  in  a  de¬ 
gradation  of  implant  uniformity,  junction  depth  varia¬ 
tions  and  dosimetry  problems  [1]  In  thts  paper  we  will 


discuss  how  these  effects  can  be  measured  and  con¬ 
trolled  on  the  EXTRION  220  medium-current  ion  im¬ 
planter  [2,3] 


2.  Energy  contamination 

As  on  most  ion  implanters.  one  can  distinguish  two 
types  of  energy  contamination  on  the  F.-220  The  first 
type  of  contamination  occurs  w’hen  molecular  ions  (such 
as  P,^)  that  are  extracted  from  the  ion  source  dissociate 
before  they  reach  the  mass  analyzer  magnet.  The  dis¬ 
sociation  process  leaves  an  ion  with  a  quarter  of  the 
energy  of  the  doubly  charged  ions  This  ion  has  the 
same  magnetic  stiffness  as  the  doubly  charged  ions  and 
therefore  is  transmitted  through  the  analyzing  magnet 
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However,,  it  can  be  effectively  removed  from  the  mam 
beam  by  an  electrostatic  beam  filter  [4,5]  The  second 
type  of  energy  contamination  occurs  after  the  beam 
passes  through  the  electrostatic  beam  f.lter.  Doubly 
charged  ions  (I'^)  exchange  charge  with  a  residual  gas 
molecule/atom  (A), 

I="+A‘’-r  +  AT  (1) 

The  energy  loss  of  the  ion  in  this  reaction  is 
negligible  compared  to  its  total  energy  The  amount  of 
doubly  charged  ions  m  the  main  beam  that  lose  part  of 
their  charge  this  way  is  proportional  to  the  pressure  in 
the  system  and  to  the  leugth  of  the  path  that  the  ions 
travel  before  they  reach  the  wafer  surface.  The  design  of 
the  vacuum  ,system  and  beamline  influences  the  amount 
of  energy  contamination  and  thereby  the  quality  of  the 
implanted  layer  There  are  three  sections  (labeled  A,  B 
and  C  in  fn,  1 )  in  the  E-220  beamline  where  this  charge 
exchange  occurs 

The  first  section  (A)  is  between  the  beam  filter  and 
the  deflector  Ions  that  have  lost  part  of  their  charge  in 
(A)  will  be  deflected  over  half  the  deflection  angle  of 
the  doubly  charged  ions 

The  second  section  (B)  is  between  the  deflector  and 
the  angle  correction  magnet  (also  referred  to  as  lens 
magnet)  [6]  Both  singly  charged  beams  produced  in 
section  A  and  B  have  a  higher  magnetic  stiffnc,ss  than 
the  mam  beam  This  means  that  they  will  be  underbent 
(smaller  deflection)  in  the  angle  correction  magnet.  The 
mam  beam,  on  the  other  hand,  will  be  bent  in  such  a 
way  as  to  become  perpendicular  to  the  endstation. 
Calculations  show  that  contaminant  beam  A  crosses 
over  the  mam  beam  ,somewherc  m  the  acceleration 
column.  Both  beams  A  and  B.  therefore,  end  up  on  the 
same  side  of  the  main  beam. 

The  third  section  (C)  is  between  the  angle  correction 
magnet  and  the  wafer.  Ions  which  undergo  charge  ex¬ 
change  in  this  area  are  not  separated  from  the  mam 
beam  The  contribution  of  section  C  to  energy  con¬ 
tamination  IS  less  significant  since  the  pre.ssure  in  this 
area  is  lower  than  in  the  rest  of  the  beamline  ( =  5  x  10“  ^ 
compared  to  1-2  X  10“*’  Torr).  Al.so  the  higher  energy 
of  the  doubly  charged  ions  after  acceleration  reduces 
the  cross  section  for  charge  exchange  If  the  mam  beam 
is  scanni  c  acro.ss  the  wafer,  all  three  contaminant  beams 
will  also  scan  across,  thereby  contributing  to  possible 
dose  offsets  and  non  uniformities 


3.  Measurement  of  energy  contamination 

The  electrostatic  .scanner  on  the  E-220  can  be  set  in 
spot  mode,  that  is,  with  a  fixed  potential  on  the  .scan 
plate  The  spot  mode  allows  us  to  measure  the  in¬ 
tegrated  ion  beam  current  as  a  function  o*'  position 
This  IS  done  by  moving  a  slotted  Faraday  cup  with  a 


Fig.  2  Beam  current  mea.surements  as  a  function  of  Faraday 
cup  position  The  doubly  charged  mam  beam  and  singly 
charged  contaminant  beams  A  and  B  are  .shown 


0  635  cm  horizontal  and  6  35  cm  vertical  opening  across 
the  end  station  in  the  X-axis  (fig  1),  Since  the  beam  is 
smaller  than  the  cup  in  the  vertical  direction  but  larger 
in  the  horizontal  direction,  this  offers  the  ability  to 
measure  beam  current  as  a  function  of  A'-position.  In 
fig.  2  we  have  plotted  the  beam  current  of  a  doubly 
charged  beam  as  a  function  of  A'-position.  The  E-220 
software  calculates  the  integral  beam  current  over  the 
.scanned  length  The  calculated  integrated  current  con¬ 
tains  contributions  from  the  contaminant  singly  charged 
beams.  However,  by  selecting  a  lower  voltage  on  the 
scanner  and  by  using  a  100  times  larger  amplification, 
we  can  determine  the  integral  current  peaks  A  and  B 
without  getting  a  contribution  from  the  main  beam. 
Before  each  implant  we  perform  therefore  two  integral 
cuirent  measurements.  One  with  the  beam  in  the  center 
of  the  endstation  to  measure  the  total  integral  current  of 
the  main  beam  and  peaks  A  and  B  The  second  mea¬ 
surement  IS  with  a  lower  scanner  voltage  and  a  100 
times  higher  amplification  to  measure  only  peaks  A  and 
B  The  relative  amount  of  energy  contamination  (EC)  is 
then  given  by  (as  a  percentage  of  particles) 

EC=T(]ll^,-TyX(100%).  (2) 

In  this  formula,  1“*^  is  the  integral  current  of  the  mam 
beam  plus  the  contaminants  A  and  B  and  I^  is  the 
integral  current  of  only  peaks  A  and  B.  The  factor  2 
arises  from  the  fact  that  each  doubly  charged  ion  is 
counted  twice  by  the  dose  amplifier  The  nun. her  from 
eq.  (2)  can  now  be  related  to  other  measures  of  energy 
contamination  such  as  sheet  resistance  changes  or  SIMS 
concentration  profiles. 
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4.  Experimental 

All  measurements  were  performed  on  an  EXTRION 
220  equipped  with  an  electrostatic  beam  filter  set  at  28 
kV  in  order  to  eliminate  energy  contamination  uom 
molecular  breakup.  Feed  material  for  the  Freeman  ion 
source  was  either  solid  phosphorus  evaporated  in  a 
\aporizer  or  hydrogen  buffered  15%  PH-,  gas 

All  implanted  wafers  were  150  mm  (100)  p-type 
(boron)  (10-20  cm)  SEMI  standard  wafers  with  no 
oxide.  Phosphorus  implants  were  done  at  180  keV  and  a 
2  X  10''*  ions/cm'  do.se  with  a  7°  tilt  and  a  22°  twist 
to  avoid  channeling.  Wafers  u.sed  for  sheet  resistance 
mapping  weie  RTP  annealed  at  1100°C  for  10  s.  The 
native  oxide  was  sub.sequently  stripped  in  buffered  HF 
and  the  wafers  w'ere  probed  on  a  Prometrix  Omnimap 
RS30  system.  SIMS  measurements  were  performed  at 
Evans  East..  Inc.  on  a  Perkin  Elmer  6300  SIMS  system 
using  a  400  nA  Os'"  primary  ion  beam  with  an  energy 
of  8  keV.  The  depth  axis  was  established  using  a 
calibrated  profilometer  Overall  accuracy  of  the  profiles 
IS  considered  to  be  within  10%. 

Implants  were  performed  under  three  different  con¬ 
ditions; 

-  With  a  solid  phosphorus  vaporizer  source,-  to  get  the 
lowest  amount  of  contamination. 

-  With  a  gaseous  phosphine  source,  resulting  in  a  higher 
system  pressure  and  hence  higher  energy  contamina¬ 
tion  caused  by  the  presence  of  hydrogen 

-  As  before.,  but  with  all  cryo  pumps  clo.sed  off,,  lesult- 
ing  in  a  worst  ca,se  .system  pressure 

As  a  comparison  to  the  doubly  charged  implants,  an 
identical  singly  charged  phosphorus  implant  was  done 
with  the  same  do.se  and  energy.  The.se  implants  were 
u.sed  to  get  an  idea  of  what  the  result  should  be  in  case 
there  was  no  energy  contamination 


CONTAMINATION  (%  PARTICLES) 

Fig.  4  Sheet  resistance  as  a  function  of  energy  contamination 
for  a  180  keV.  2  X  lO''*  phosphorus  implant 


5.  Resull.s  and  discussion 

In  fig.  3  we  show  three  sheet  resistance  maps  of 
singly  and  doubly  charged  implants.  .As  can  be  seen,  the 
uniformity  is  maintained  w'ell  below  the  0  5%  level,  even 
at  the  highest  amount  of  energy  contamination  In  fig  4 
the  mean  sheet  resistance  of  all  implants  is  plotted 
versus  the  amount  of  energy  contamination  measured 
before  the  implant  For  doubly-charged  implants,  there 
IS  a  linear  relationship  between  the  sheet  resistance  and 
the  measured  amount  of  energy  contamination  How-- 
ever,,  there  is  a  nonlinear  change  in  sheet  resistance 
between  0%  energy  contamination  (singly  charged  im¬ 
plant)  and  the  first  doubly  charged  implant  with  the 
vaporizer 


(a|  MEAN  =  242.3  1!/ 
0=0  17% 


p“ 

VAPORIZER 


fb)  MEAN  =  236.4  <>/ 
O  =  0.24% 
EC  =  0.9% 


P'*' 

PHj,  GAS,  AND  CRYO’S  CLOSED 


(cl  MEAN  =  224.1  o.L 
0  =  0.38% 

EC  =  12.6% 
WORST  CASE  VACUUM 


Fig  .3  Uniformity  maps  for  2x  10'“*,  ISO  keV  phosphorus  implants  Shown  are  (a)  singly  charged  phosphoru.s,  (b)  doubly  charged 
phosphorus  with  the  least  amount  of  contamination,  and  (t)  doubly  charged  with  the  large.sl  amount  of  contamination 
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depth  (microns)  DEPTH  (microns) 

Fig  5  SIMS  mea>urement.s  of  as-implanted  profiles  for  a  180  keV.  2x  lo''*  lons/cnr  phosphorus  implant  Profiles  lor  (a)  vapori/er 

feed  and  (b)  gas  feed  m.tterial. 


Fig  5  shows  the  results  of  SIMS  depth  profiles  In 
fig.  5a  the  profile  for  a  singly  charged  implant  and  a 
doubly  charged  implant  using  a  vaporizer  are  plotted. 
The  difference  between  the  two  profiles  is  minimal 
indicating  that  the  amount  of  energy  contamination  is 
very  low  indeed.  The  implanted  dose  calculated  from 
the  profile  is  the  same  as  in  the  singly  charged  implant, 
within  the  accuracy  of  the  SIMS  measurement.  In  fig. 
5b  the  results  for  the  implants  using  PH  ,  gas  are  shown. 
Again,  the  singly  and  doubly  charged  implants  differ 
very  little.  Only  the  implant  under  worst  case  vacuum 
shows  a  definite  change  in  dose  and  depth.  However,, 
this  shift  was  still  not  large  enough  to  relate  to  an 
amount  of  contamination. 


6.  Conclusions 

It  is  possible  to  measure  and  monitor  the  amount  of 
energy  contamination  on  the  E-220  implanter.  This 
measurement  gives  an  accurate  result  that  can  be  re¬ 
lated  to  a  shift  in  sheet  resistance  for  the  investigated 


implantation.  The  changes  are  too  small  to  re.solve  in 
SIMS  measurements  for  this  implant.  The  described 
method  is  much  faster  and  easier  to  do  than  a  SIMS 
measurement  One  can  get  a  value  for  the  EC  just 
before  starting  the  implant  instead  of  afterwards 
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High-current  BPV  implants  have  been  studied  under  various  implant  conditions,  extraction  and  acceleration  voltages  and 
\acuum  conditions  to  determine  the  critical  controls  required  to  eliminate  (or  minimize)  dissociation  of  BF2*  during  ion  implantation 
DissiKiatcd  EF-*  ions  can  prcxluce  a  higher-energy  contaminant  which  extends  the  junction  depth  beyond  the  desired  value  and 
destross  desices.  In  this  study,  preamorphized  Si  wafers  were  used  to  minimize  the  channeling  tail  and  optimize  the  measurement 
sensitivity  SIMS  analysis  was  performed  to  determine  the  size  and  position  of  the  unwanted  energy-contaminant  peak  (if  any) 
Results  are  presented  and  discussed  which  show  that  implants  between  20  and  60  keV,  where  the  total  energy  is  provided  in  one 
stage,  have  no  BF,  dissociation  peak,  and  for  implants  between  60  and  80  keV.  where  the  extraction  voltage  is  60  kV..  there  is  no 
measurable  high-energy  contaminant.  However.,  if  the  extraction  voltage  is  lowered  to  20  kV  for  the  equivalent  implant,  there  is  a 
discernible  energy  contaminant  The  .size  of  this  peak  can  vary  significantly.,  depending  on  the  implanter  design  and  pumping 
capabilitx  In  a  sssiem  with  extraction  energy  limited  to  low  values  and/cir  limited  post-analysis  pumping,  this  value  can  be  greater 
than  5'r  In  this  paper  it  is  shown  how  this  value  can  be  minimized  1.W  keV  BF,  implants  are  also  reviewed  and  comparison,  made 
between  .“id  keV  BF.^  and  11.2  keV  B*  implants  In  addition  a  second  energy-contamination  peak  associated  with  the  stripping  of 
the  dissixiated  B  *  ion  into  B  *  ■*  has  been  observed  at  higher  beam-line  pressure  and  is  discussed  in  detail  in  this  paper 


1.  Introduction 

Over  the  last  several  years.  BF,'  ions  have  been 
commonly  used  tn  the  formation  of  shallow  p-type 
lon-implanted  layers  Their  use  is  well  documented  in 
the  literature  (1-13].  The  earliest  applications  of  BF,'' 
were  driven  by  the  higher  beam  currents  available  for 
BF;'  versus  those  achievable  for  the  equivalent-energy 
B*  implant  (which  is  ll/49th  of  that  required  for 
BFV  )  As  time  progressed,  commercially  available  ion 
iinplanters  started  to  provide  increasingly  higher  beam 
currents  of  low-energy  boron,  but  the  demand  for  BF2’ 
implants  remained  high  and  it  now  appears  that  BF,* 
will  continue  to  be  the  species  of  choice  in  the  fabrica¬ 
tion  of  shallow  P*  junctions  for  the  next  generation  of 
devices. 

The  literature  cites  several  possible  reasons  for  the 
continued  popularity  of  BF,*  implants.  One  rea.son  is 
that  the  additional  fluonne  decreases  the  dose  required 
to  amorphize  the  Si  substrate  [14]  and  hence  reduces  the 
adverse  effects  resulting  from  channeling,  while  impro¬ 
ving  the  annealing  characteristics  versus  tho.se  for  inten-- 
tionally  preamorphized  layers,  where  a  narrow  band  of 
e.xtended  defects  at  the  original  amorphous-to-cry'st.al- 
line  interface  and  other  postannealing  defects  have  been 
observed  [15-17].  These  problems  with  preamorphiza- 
tion  have  been  reported  to  increase  leakage  currents  by 
three  orders  of  magnitude  and  hence  Wu  [17]  recom¬ 
mended  the  use  of  BF,*  implants  without  preamorphi- 
zation  and  RTP  anneals  to  help  with  stress  relaxation 
[17]  and  to  minimize  dopant  redistribution  [13.11,18). 


Recently  Wright  and  Saraswat  [19]  have  reported  that 
the  fluorine  can  have  beneficial  effects  on  gate  oxides 
with  few,  if  any.,  negative  effects  In  general. fluorine  was 
reported  to  have  produced  an  improvement  in  Si/SiO, 
interfacial  properties,  improving  the  hot-electron  im¬ 
munity  of  the  devices  and  at  medium  do.ses  potentially 
improving  resistance  to  mradiation.  In  addition,  no 
dramatic' decrea.ses  in  breakdown  voltages  (I'm)  with  a 
tighter  distribution  were  observed  The  charge  to 
breakdown  130  A  oxides  was  seen  to  decrease 

at  fluorine  fluences  >  1  x  10'‘\but  this  effect  was  not 
.seen  on  the  410  A  oxides  The  fluorine  was  found  not  to 
be  a  mobile  ion  in  the  oxide,  but  at  higher  doses 
fluorine  increased  the  oxide  thickness. 

In  the  literature  [9.10]  there  have  also  been  cited 
di.sadvantages  to  the  use  of  BF,*  Primarily  these  have 
been  as.sociated  with  structure  in  the  boron  profile  as 
seen  by  SIMS,  which  extends  the  depth  of  the  implant 
far  beyond  the  desired  value,  compromising  the  integr¬ 
ity  of  a  shallow  junction.  Sigmon  et  al  [9]  have  clearly 
demonstrated  that  there  exists  an  energy-contaminant 
peak  w'hich  results  from  the  dis.sociation  of  BFj"*,-  into 
B*  and  F,  after  mass  analysis  and  prior  to  final  acceler¬ 
ation.  Thv  boron  energy  of  this  peak  is  given  by 

^bo.on  =  HaU;+ F„J.  (1) 

For  a  150  keV  implant  with  F],  =  30  kV,.  a  eon- 
tamination  peak  at  /?p  =  0.37  gm  was  obseiwed  with  a 
boron  dose  of  0  4%  of  the  total  Queirolo  et  al.  [10] 
studied  this  phenomenon  further,,  carefully  monitoring 
various  implanter  conditions  including  beam-line  pres- 
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sure  and  postacceleration  voltages  on  the  SIMS  boron- 
ion  depth  profile.  Their  results  confirmed  those  of 
Sigmon  et  al.;  however,  curve-fitting  analysis  could  not 
exolain  the  tail  beyond  the  contamination  peak 
(which  on  a  two-stage  acceleration  machine  was  re¬ 
ported  to  be  2-5%  of  the  total  dose).  They  concluded 
that  this  tail  was  the  result  of  channeling.  Conclusions 
about  the  mechanisms  responsible  for  the  dissociation 
of  the  BFT,,  whether  it  was  related  to  gas-phase  colli¬ 
sions  or  collisions  with  the  resolving  aperture,  were 
clouded  by  the  inability  to  accurately  measure  the  pres¬ 
sure  m  the  beam  line. 

In  this  paper,  BFT  implants  into  preamorphized  Si 
(to  eliminate  questions  regarding  channeling)  are  con¬ 
ducted  at  various  energies,  extraction  voltages  and  pres¬ 
sures,  in  order  to  clarify  some  of  the  remaining  ques¬ 
tions  about  the  structure  in  the  boron-ion  profile  and  to 
help  identify  the  mechanisms  involved  in  the  dissocia¬ 
tion  of  BFT  In  addition  “equivalent”-energy  BFi*^  (50 
keV)  and  B  ^  (11.2  keV)  implants  as  a  function  of  RTF 
and  furnace-annealing  techniques  are  compared.  Based 
on  this  study,  the  authors  hope  to  provide  methods  to 
control  the  dissociation  of  BF,*  and  provide  recipes  for 
boron  doping  equivalent  implants  using  BFT. 

2.  Experimental 


pressure  is  measured  by  a  nude  Bayard  Alpert  ioniza¬ 
tion  gauge  which  is  mounted  directly  on  the  side  of  the 
mass  slit  chamber:  in  addition  the  Extrion  1000  has  a 
tu/bmomolecular  pump  which  specifically  pumps  this 
area,  and  keeps  the  beam-line  pressure  typically  be¬ 
tween  1X10“'’  and  4x10'*’  Torr  during  standard 
operation,  with  base  pressures  down  to  2  x  10“^  Torr 

All  wafers  used  were  150  mm  (100)  n-type  wafers, 
with  resistivities  between  1  and  20  S2cm.  The  pre¬ 
amorphized  wafers  were  implanted  twice  with  ‘*Si,  once 
at  50  keV  (2  X  lO'*  ions/cm“)  and  again  at  150  keV 
(2  X  lO''  ions/cm’)  [12). 

All  SIMS  measurements  were  done  by  Evans  East 
Inc.,  employing  a  Perkin  Elmer  6300  secondary-ion 
mass  spectrometer.  The  primary  bombarding  species 
was  5  keV  O,*  ions  at  60°  incidence  Quantification  of 
the  profiles  was  provided  by  a  calibrated  lon-implanted 
standard  of  B  m  Si  The  depth  of  the  sputtered  crater 
was  measured  by  a  calibrated  profilometer  to  establish 
the  depth  axes.  The  overall  accuracy  of  the  profiles  is 
10-15% 

The  RTP  anneals  were  performed  in  a  Varian  RTP- 
8000,  employing  a  two-sicp  temperature  recipe  of 
800  °C,.  5  s  (cool-down)  4-  1100°C,  10  s  The  furnace 
anneals  were  done  m  a  Thermtec  Model  1520  double¬ 
stack  furnace  at  930  °C  for  30  mm  in  a  N,  flow  ol  20 
l/min. 


All  of  the  implants  were  performed  in  a  Varian 
EXTRION  1000  ion  implanter.-  which  was  specially 
configured  to  allow  for  separately  controlled  N,  gas 
introduction  in  the  end-station  chamber  and  into  the 
beam-line  area  between  the  analyzer  magnet  and  the 
mass  slits  In  the  Varian  EXTRION  1000  the  beam-line 


3.  Results  and  discussion 

Fig.  la  IS  an  overlay  of  two  SIMS  profiles  of  “as-im- 
plained"  80  keV  ( =  60  kV).  1  .s'  lo'^  lons/cim  BFT 
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Fig  1  SIMS  profiles  of  BF,*.  80  keV.  1  xio''  lons/cm’  implants  (a)  into  single-crystal  and  preamorphized  Si,  (b),  with  extraction 
voltages  of  20  and  60  kV.  and  (c)  with  extraction  voltages  of  30,  40,  50  and  60  kV. 
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Fig  2  SIMS  profiles  of  BF;‘ ,  70  keV,  5x  lO’'  lons/cnr  implants  (a(  with  extraction  voltages  of  20.  40  and  60  kV.  and  (b)  for  30 

keV  ( ( ;  -  30  k V).  50  keV  ( k;  =  50  kV)  and  70  keV  ( I ;  =  60  k V) 


Table  1 

BF,‘ ,  1  X  10''  lons/cm-,  80  keV,  =  2 Ox  10  ''  Torr 


i; 

(kVl 

/f(.i 

(gm| 

«p: 

[poll 

Dose 
peak  1  ' 
[lons/cnr) 

Dose 
peak  2  ^ 
[lons/cni'j 

Dose  P2 

Total  dose 
[T! 

60 

0  056 

0  111 

1  25X10’' 

0 

0 

50 

0  056 

0  135 

1  16X10'^ 

24  xlO’’ 

021 

40 

0  056 

0  159 

1  I3XI0‘' 

2  79X10'' 

0  25 

30 

0  056 

0.181 

1  13x10'' 

24  xlO'" 

0  21 

20 

0  056 

0  204 

1  14X10'' 

247x10'" 

021 

■'  Dose  integrated  from  SIMS 

Table  2 

BFV.  5x10'' 

lons/cnr. 

P,„  =  (1-2)X10 

^  Torr 

E 

y. 

Kri 

Do.sc 

Dose 

Dose  P2 

(keV) 

[kV] 

(gmj 

inmj 

peak  1  ' 

peak  2 

(lons/cm"] 

[lon.s/cm'j 

\%\ 

70 

60 

0050 

0  075 

6  5  xlO'' 

0 

0 

70 

40 

0  050 

0  128 

7  12x10” 

1  11x10” 

0  156 

70 

20 

0  050 

0  175 

6  93x10'-' 

8  83x  10'" 

0  128 

30 

30 

0  023 

0  023 

4  9  XlO'' 

0 

0 

50 

50 

0  037 

0  037 

5.3  XIO'' 

0 

0 

70 

60 

0.050 

0.075 

5.1  XlO'' 

0 

0 

■'  Dose  integrated  from  SIMS. 
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Table  3 

BFT,  5x10'-  lons/cm' 


Energy 

Dose 

Dose 

Dose 

Dose  P2 

[Torr] 

[Torrl 

[keV] 

peak  1  ■’ 

peak  2  ' 

peak  3  ' 

[lons/cm’l 

[lons/cm’l 

[lons/cnf  J 

[%1 

2,0x10"'’ 

1,2X10“'' 

70  (V,  =  20) 

65x10" 

8,83x10" 

_ 

0128% 

44x10“'’ 

1  2x10“'’ 

80  (V,  =  20) 

46X10" 

1  8  xlO" 

_ 

0,39% 

48x10"'' 

50X10“' 

80  (V,  =  20) 

49x10’' 

24  xlO" 

0  48% 

90x10 

1  9x10"' 

80  {\\  =  20) 

4  8X10'' 

40  xlO" 

- 

0  83% 

22x10“' 

80x10“’ 

80  (V,  =  20) 

47X10" 

85  XlO" 

- 

1  78% 

50x10“' 

lOxlO"' 

80  (V,  =  20) 

4,6X10'' 

1,9  XlO'"* 

1  3x10" 

3,97% 

4,0x10“'' 

70x10“" 

130(V,  =  60) 

4,7X10'' 

3  1  XlO" 

0  66% 

50X10"' 

47X10" ' 

130(V,  =  60) 

48X10" 

43  XlO" 

1  7x10" 

0,89'% 

9,0x10  '■ 

2,0X10“' 

130  (V,  =  60) 

4  8x10'' 

81  xlO" 

2  3x10" 

1  68% 

2  2x10"' 

8,0X10'" 

130  (V,  =  60) 

44x10'' 

1  5  xlO'-* 

3  4x10'“ 

3.30% 

5  0x10  ■' 

1,0X10"'’ 

130(V,  =  60) 

4  IxlO'' 

3,3  xlO'” 

8  3x  10" 

7  45% 

■'  Dose  integrated  from  SIMS 


implants  One  tmplant  ts  into  preamorphized  St.  while 
the  other  is  into  single-crystal  Si  This  experiment  dem¬ 
onstrates  the  effectiveness  of  the  preamorphized  Si  wafer 
in  icducmg/ eliminating  the  channeling  tail  and  in  en¬ 
hancing  the  SIMS  sensitivity  in  distinguishing  structure 
related  to  higher-energy  contaminant  peaks  Based  on 
this,  all  further  implants  where  boron  profiles  were  to 
be  obtained  are  into  preamorphized  substrates 


Figs,  lb  and  Ic  dramatically  illustrate  the  effect  of 
the  extraction  voltage  on  the  boron  piofile  At  -  60 
kV.,  only  one  peak  is  observed  at  0  0564  gm  (the  SIMS 
data  IS  fitted  to  LSS  ''b"'  distribution)  which  corre¬ 
sponds  to  a  boron  energy  of  18,0  keV  (which  is  I  l/'49th 
of  the  BF;  implant  energy)  As  the  extrtction  is  de¬ 
creased.  an  energy  contaminant  of  0  2-0  25%  of  the 
total  do,se  (as  integrated  Irom  the  SIMS  profile)  is 


0  3  O''.  0  ?  C  3  0  1  0  5 

DEPTH  (fnitron*) 


DEPTH  (microni) 


Fig  (a)  SIMS  profile  of  a  BF2‘ ,  80  keV  ( F,  =  20  kV).  5  x  lO"  lons/cm’  implanl  as  a  fuiielion  of  /\i.  (b)  SIMS  profiles  of  130  keV 

( F,  =  60  k  V)  implants  as  a  function  of  P,,i 
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observed  at  increasingly  deeper  depths  (refer  to  table  1). 
The  boron  energy  of  this  contamination  peak  is  given 
by  eq.  (1). 

Similar  results  are  depicted  in  fig  2a  for  5  X  lO'"' 
lons/cm^.  70  keV  BF,^  implants.  Here  the  sizes  of  the 
peaks  are  0.13-0.16%  of  the  total  dose  (refer  to  table  2). 
Fig  2b  is  an  overlay  of  a  30,  50  and  70  keV  implants, 
with  K,  =  30,  50  and  60  kV,.  respectively.  In  these  cases 
there  are  no  discernible  energy-contaminant  peaks. 

The  effects  of  varying  both  the  beam  line  (just  before 
the  acceleration  tube)  and  the  end-station  pres.sure  on 
80  (F,  20  kV)  and  130  keV  (F,  =  60  kV)  implants  was 

studied  These  results  are  li.'.'ed  in  table  3.  The  SIMS 
profiles  of  the  80  keV  ( F,  =  20  kV)  are  shown  in  fig.  3a. 
It  should  be  noted  that  F,  =  20  kV  was  chosen  to 
emphasize  the  contamination  peak  as  a  function  of 
pressure.  The  SIMS  plots  are  overlays  of  the  various 
beam-line  pressures  (Fhi)-  ^he  following  observations 
can  be  made  from  this  data' 

(1)  the  size  of  the  contamination  peak  at  0  204  (im 

( fhoron  ~  5  keV)  IS  a  linear  function  of  the 

beam-line  pressure  and  is  affected  only  slightly  oy 
the  end-station  '  essure, 

(2)  there  is  a  third  peak  which  appears  at  Fm  =  5  x  10' ' 
Torr  at  close  to  0.358  (im,  which  corresponds  to  the 
energy  of  B*’*  ions,  stripped  after  mass  analysis 
and  prior  to  final  acceleration,  whose  boron  energy 
IS  given  by 

+  (2) 

which  in  this  case  is  124  5  keV  The  SIMS  profiles 
of  the  130  keV  (F,  =  60  kV)  implants  (refer  to  fig 
3b)  lends  further  evidence  to  the  existence  of  the 


third  peak.  This  peak  is  now  appearing  at  a  F^i 
value  of  5  X  lO"*’  Torr.  A  B^”^  ion,  stripped  after 
mass  analysis,  according  to  eq  (2)  has  an  energy  of 
~  153.5  keV  and.  from  the  LSS  distribution  an 
/?p-value  of  0.409  pm.  This  is  in  excellent  agreement 
with  the  data.  In  addition  it  should  be  noted  that 
these  energy  peaks  are  rr  jnotonically  in;reasing 
functions  of  F[,i,-  certainly  eliminating  channeling 
effects  as  their  cause  and  highly  suggesting  that  they 
are  produced  by  gas-phase  collisions  (with  the  back¬ 
ground  gas). 

Figs.  4a.  b  and  c'  are  SIMS  profiles  of  a  50  keV 
(Fi  =  50  kV).  3  X  10'‘*  ions/cm^  BFT  comparison  with 
a  11.2  keV  boron  implant  of  the  same  dose.  Fig.  4a  is 
the  “as-implanted”  profile  illustrating  the  effectiveness 
of  the  BF,^  implant  in  controlling  channeling.  Fig.  4b  is 
a  two-step  RTF  anneal  (800  °C..  5  s -f  1100°C..  10  s) 
.showing  minimal  diffusion  of  the  dopants.  Fig.  4c'  is  a 
930  °C,.  30  min  furnace  anneal  depicting  large  amounts 
of  diffusion.  The  boron  in  the  BF,  is  now  diffusing 
much  more  quickly  than  in  the  B  *■  implant  This  sup¬ 
ports  earlier  observations  that  fluorine  and  the  associ¬ 
ated  higher  damage  causes  enhanced  diffusion  [11,15]. 
Four-point  probe  measurements  of  these  implants  show 
that  for  the  RTF  anneals  the  BF;^  has  a  sheet  resistance 
of  345  6  fi/0.  while  the  "B'^  has  a  sheet  resistance  of 
345.4  fi/D.  The  furnace  anneal  for  BFj  has  a  sheet 
resistance  of  483  7  f2/D.  while  the  "B"^  has  a  sheet 
re.sistance  of  460.4  fl/D. 

The  BF,*  experiments  investigating  the  dissociation 
of  BF2’  and  the  related  structure  in  the  SIMS  boron 
profile  clearly  confirm  the  observations  of  Sigmon  et  al 
[9]  They  furthei  answer  questions  rarsed  by  Queirolo  et 


Fig  4  SIMS  profiles  of  BF2' .  50  keV..  3  X  lO'"*  lons/cm*  implants  versus  equivalent-dose  B  *  1 1  2  keV  implants  (a)  as-implanted.  (b) 

after  RTF  anneal  and  (c)  after  furnace  anneal 
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al.  [10].  that  IS.  that  the  high-energy  tail  m  the  SIMS 
profile  beyond  the  contanunant  peak  is  not  related 
to  channeling  but  is  a  distinct  third  peak  which  appears 
to  be  associated  with  the  stripping  of  the  ion  to  B"* 
after  mass  analysis  and  prior  to  final  acceleration.  The 
energy  of  this  peak  observes  eq.  (2).  Both  contamination 
peaks  are  monotonically  increasing  functions  of  and 
very  slow  functions  of  This  fact  highly  suggests  that 
the  mechanism  of  dissociation  is  a  gas-phase  mecha¬ 
nism.  involving  BFt*^  ion  dissociation  with  the  back¬ 
ground  gas  between  mass  analysis  and  final  accelera¬ 
tion.  To  produce  SIMS  profiles  without  these  con¬ 
tamination  peaks,  the  implants  should  be  performed 
with  K,  =  (i.e.,  drift  mode  or  single-stage  accelera¬ 

tion)  or  with  F,  as  large  as  possible,  in  this  case  =  60 
kV  At  higher  energies,  e.g.  130  keV,  contamination 
peaks  <0.5%  can  be  achieved  with  /i^i  ^  2.0  X  10“* 
Torr.  It  should  be  noted  that  Queirolo  et  al.  [10]  ob¬ 
served  levels  of  2-5%  at  reported  pressures  of  1  X  10*  ^ 
Torr.  The  authors  of  this  paper  believe  that  these  pres¬ 
sures  were  measured  too  far  away  from  the  beam-line 
area  to  be  truly  indicative  of  that  pressure  and  a  Fb, 
value  >  5  X  10  Torr  is  probably  more  indicative  of 
that  pressure  value  In  any  case,  the  beam-line  pressure 
must  be  measured  as  close  to  the  region  of  dissociation 
as  possible  if  meaningful  pressure  data  is  to  be  ob¬ 
tained  Further  reductions  in  the  size  of  the  contami¬ 
nant  peaks  require  additional  pumping  (or  methods  to 
reduce  Fbi )  or  shortening  of  the  beam  line. 

The  annealing  studies  demonstrate  that  to  achieve 
BF;^  equivalent  sheet  resistance  results  RTF  annealing 
has  distinct  advantages  as  long  as  the  dose  is  below  the 
solid-solubility  limit.  Additional  work  is  in  progress  by 
the  authors  of  this  paper  to  investigate  higher-dose 
annealing  (>  1  X  lO’^  lon/cm")  of  BFj*  implants 


4.  Conclusion 

BF;^  implants  into  preamorphized  Si  increa.se  the 
.sensitivity  of  SIMS  in  distinguishing  energy-contami¬ 
nant  peaks  related  to  BFj^  dissociation.  This  sensitivity 
allowed  for  the  observation  of  two  contaminant  peaks. 
The  first  peak,  which  was  first  observed  by  Sigmon  et 
al.  [9],  and  a  .second  peak  which  is  associated  with  B^  *, 
dissociated  after  mass  analysis  and  prior  to  final  accel¬ 
eration  with  an  energy  given  by  eq  (2). 

These  peaks  can  be  eliminated  (up  to  80  keV)  by  the 
appropriate  choice  ot  the  extraction  voltage  lhat  is, 
K  ~  Kota\  Of  K  -  kV  for  implants  from  60  to  80 
keV.  At  higher  energies  these  peaks  can  be  minimized 


by  adequately  pumping  the  beamline  region  and  main¬ 
taining  a  beamline  pressure  <2xl0“®  Torr  during 
implantation 
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A  RGA  study  of  the  cross-contamination  of  dopant  species  and  low 
level  impurities  and  the  use  of  the  RGA  as  a  process  monitor 
in  a  Varian  180XP 

James  J,  Cummings  and  Daniel  T.  Enloe 

Intel  Corporation  (Maiislop  SCI-IJ),  .1065  Bower’:  Avenue,  Santa  Clara.  CA  05054,  LSA 


Residual  gas  analysis  (RGA)  has  been  used  to  characterize  the  process  of  a  Varian  180XP  The  cross-contamination  from  dopant 
speclc^  has  been  investtgated  along  with  low  level  impurities  from  other  sources,  specifically  resist,  pump  backstreaming.  and 
implanter  parts,  This  effect  is  clearly  observed  using  RGA  to  measure  total  and  partial  pressures  This  study  concentrates  on  .selected 
ranges  of  energy,  dose,  and  beam  current  The  study  also  investigates  the  correlation  of  particle  events  in  the  implanter  with  a  RGA 
and  an  in  .situ  particle  counter  A  recommendation  on  the  use  of  one  or  both  tools  as  process  monitors  is  made 


I.  Introduction 

High  current,  batch  process  ion  implanters  are  a 
common  denominator  in  the  manufacture  of  nearly  all 
semiconductor  products  being  designed  today  With  the 
demand  for  faster  and  smaller  devices,  the  cleanliness  of 
the  process  chamber  is  becoming  increasingly  im¬ 
portant. 

High  current  implanters  can  cau.se  resist  outgassing 
and  possible  particle  generation  due  to  the  high  beam 
powers  employed.  Effects  include:  decreased  through¬ 
put  due  to  the  requirement  to  maintain  low  pre.ssures. 
beam  neutralization  caused  non-uniformities,  the 
cro.ss-contamination  of  species  due  to  sputtering,  the 
generation  of  particles  by  photoresist  blistering:  beam 
impacts  on  beamline  components  causing  .sputtering. 
Non-beam-induced  effects  include  contamination  by  low 
level  impurities,  such  as  mechanical  pump  and  diffusion 
pump  oils  All  of  the.se  effects  can  influence  yields 

Other  papers  have  noted  the  effects  of  resist  outgas¬ 
sing  on  low  and  high  current  machines  [1-5].  Smith. 
Okuyama  and  Larson  have  shown  that  resist  outgassing 
results  from  the  breaking  of  C-H  bonds,  forming  a 
mechanically  and  physically  hard  film  on  implanter 
surfaces  [1.2].  Individual  gas  peaks  (H^.-Nj..  H2O)  have 
been  monitored  by  Raicu  [4]  et  al  as  function  of  beam 
current,  energy.,  and  species.  Raicu  [4]  indicates  that  the 
outgassing  is  a  beam  current  heating  effect  and  can  be 
controlled  by  hardbaking  and  UV  curing.  Smith,  Lar¬ 
son,  and  Okuyama  di.sagree  with  this,  indicating  it  is  a 
beam  interaction  mechanism  [l-3j. 

Our  research  confirms  the  existence  of  the  outgas¬ 
sing  as  well  as  the  formation  of  the  film  on  suriaces  in 
the  vacuum  chamber.  It  confirms  that  Hj  gas  evolution 
by  photoresist  is  independent  of  baking.  Residual  gas 


analysis  (RGA)  also  confirms  the  existence  of  undesired 
dopant  species  during  implant  at  surprisingly  large  rela¬ 
tive  levels.  Pump  oils  were  below  detectable  levels  dur¬ 
ing  normal  implants.  Finally.,  an  analysis  of  the  RGA 
and  the  in  situ  particle  counter  for  their  capability  as  in 
situ  production  monitors  is  made 

2.  Experimental 

This  study  involved  the  monitoring  of  partial  pres¬ 
sures  using  the  L'TI  2211  RGA  and  particle  generation 
using  a  High  Yield  Technology  (HYT)  model  15A  in 
.situ  particle  counter,  as  a  function  of  resist/ no  resist, 
species,  and  energy  The  RGA  and  particle  counter 
(HYT)  were  mounted  in  endstation  one.  The  mounting 
was  made  on  the  only  existing  vacuum  port  directly 
above  the  Faraday,-  behind  the  endstation  chamber.  The 
total  distance  of  the  RGA  head  to  the  endstation  cham¬ 
ber  IS  nine  inches  A  forty-five  degree  stub  was  used  to 
achieve  adequate  clearance  A  gate  valve  was  u.sed  to 
isolate  the  open  .source  RGA  from  atmosphere  during 
wafer  exchange.  The  gate  valve  w'as  operated  in  parallel 
with  the  endstation  isolation  valve.  A  line  connecting 
the  open  source  to  the  scan  cyro  pump  was  used  to 
pump  on  the  open  ,>ource  when  isolated  (fig.  1)  Both 
tools  used  the  standard  vendor  supplied  software.  150 
mm  13-site  disks  were  used  in  the  endstation  with  full 
loads  of  patlciiicd  lesist.-  full  loads  of  wafers  with  6UUU 
A  of  oxide,  as  well  as  mixes  of  the  <wo  The  resist  u.sed 
was  an  advanced  submicron  Japanese  type,  with  a  post 
bake  of  90°C  for  one  minute.  The  RGA  and  HYT  were 
used  simultaneously  to  check  for  correlatu  n  between 
the  two  instruments.  Particles  0  5  pm  and  larger  were 
monitored  by  the  HYT.  and  various  .selected  gasses 
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Fig  1  RGA  schematic' 


were  monitored  using  the  RGA  (’"'As.  "B,  N,..  ’'P,.  BF,, 
oils,  '’F,.  etc'  j 


3.  Results 

Fig.  2  illustrate.s  a  typical  spectrum  from  endstation 
one  with  the  machine  in  an  idle  state  (with  no  ton  beam. 


at  high  vacuum).  Note  that  possible  backstreaming  CF, 
from  the  mechanical  pumps  and  from  the  diffu¬ 
sion  pump  are  both  not  detectable  Point  A  repre,sents 
the  beginning  of  the  vent  cycle  for  endstation  one,, 
indicating  a  leak  on  the  RGA  isolation  valve,  confirmed 
by  increases  in  nitrogen  partial  pressures.  A  leaky  end- 
station  two  isolation  valve  was  also  detected  this  way 
Point  B  represents  initiation  of  the  rough  pumping 
cycle.  Point  C  represents  time  of  cyro  isolation  valve 
opening.  All  pressures  trend  down  from  this  point  as 
expected.  Monitoring  of  endstation  two  was  also  possi¬ 
ble  from  this  location,  but  at  lower  partial  pressures. 

Fig.  3  represents  a  150  keV,.  10  mA  arsenic'  implant 
on  the  180XP  with  simulated  production  on  the  disk 
(i.e..,.  resist  and  oxide  mixture  on  the  disk).  Point  A  is 
the  time  of  endstation  one  csolation  valve  opening.  The 
step  pressure  increase  is  due  to  the  valve  opening  when 
the  endstation  pressure  is  2  x  10"*  Torr  Point  B  marks 
the  beginning  of  beam  tuning.  Point  C  marks  the  start 
of  the  implant.  Note  the  plateau  of  the  arsenic  pressure 
and  the  magnitude  of  phosphorous.  The  other  .selected 
peaks  decrease  during  implant  The  pre.sence  of  "B  and 
its  decrea.se  indicate  a  possible  sputtering  source  (likely 
the  disk).  Point  D  marks  the  beginning  of  the  wafer 
exchange  cycle  Point  E  marks  the  opening  of  the  end- 
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station  two  beam  gate.  Potni  F  marks  the  completton  of 
implant  on  endstation  two. 

Fig  4  represents  a  t>pical  argon  cleantng  cvcie  on 
the  180XP.  The  150  keV..  10  mA  argon  beam  is  kept  in 
the  neutral  cup  for  approximately  thirty  minutes  and  is 
used  for  conditioning  the  source  for  the  next  dopant. 
Point  A  marks  the  start  of  the  cleaning  beam  operation. 
Note  the  decay  of  partial  pressures  of  .selected  dopant 
ions  starting  at  Point  B.  Ahen  full  beam  power  is 
achieved  Point  C  marks  the  beginning  of  a  .species 
change  on  the  implanter.  Point  D  marks  the  opening  of 
the  endstation  two  isolation  valve  after  a  purge  cycle 

Fig.  5  IS  a  typical  selected  peak  monitor  obtained 
during  a  full  disk  load  of  resist  Point  A  repre.sent.s  the 
ba.seline  for  the  .selected  peaks  with  the  beam  in  the 
neutral  dump  The  FliO  and  Nj  peaks  fall  off  relatively 
smoothly  after  the  endstation  one  usolation  valve  opens 
(point  B)  and  return  to  the  ba.seline  level  before  the 
implant  The  verification  of  this  point  was  .seen  by 
luiiiiiiig  bale  uxide  wafcis  on  the  disk  and  making  a 
compari.son  between  the  two  spectrums.  The  HjO  peak 
IS  at  the  same  levels  as  with  the  resist.  The  N,  has  some 
variation  in  amplitude,  but  generally  the  trend  is  the 
same.  Therefore,  the  amount  of  the.se  .substances  is 
intrinsic  to  the  vacuum  system  due  to  the  vent  and 
pumpdown  cycles  as  suggest  by  Larson  et  al  [1].  The 


trend  of  the  H|  and  '"C  peaks  mimic  each  other  with 
the  hydrogen  having  similar  amplitude  starting  with  the 
beam  gate  opening  at  point  C.  Point  D  repre.sent.s  the 
end  of  implant  and  the  downward  trend  of  all  species 
continues  except  for  N,  which  is  a  result  of  the  endsta¬ 
tion  vent  cycle 

Fig  6  IS  a  typical  scan  tor  0  5  gm  and  larger  particles 
using  the  HYT  particle  counter  The  figure  shows  a 
senes  of  .mplant  and  wafer  exchange  cycles  as  viewed 
on  the  computer's  monitor.  The  only  observable  effects 
were  the  resonance  condition  between  the  fluorescent 
light  frequency  and  the  frequency  of  the  laser  beam 
when  the  door  is  open  The  HYT  was  useful  in  diagnos¬ 
ing  the  cause  of  gross  particle  excursions.  It  was  used  to 
monitor  both  endstations  for  compari.son  and  to  gener¬ 
ate  baseline  data 


4.  Discussion 

4  /.  Residual  ^as  analyzer 

The  RGA  was  obtained  for  the  IhOXP  for  evaluation 
as  a  process  monitor.  It  had  adequate  sensitivity  to 
measure  the  effectiveness  of  the  argon  clean,  the  se¬ 
quence  of  events  on  the  opposite  endstation.  and  to 
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HYT  IN  SITU 


PARTICLE  COUNTER 


TWE  no  SECS  I 

Fig  6  HYT  m  situ  particle  counter  scan. 


monitor  for  oil  bdckstreammg  The  system  is  not  com--  peaks  may  correspond  to  the  .scan  of  the  beam  hitting 

plex.  except  for  the  custom  vacuum  piping.  It  has  the  the  disk  and  causing  sputtering  of  the  dopants 

ability  to  be  used  as  a  short  term  diagnostic  tool,  and  in  Fig.  4  demonstrates  the  effectiveness  of  argon  clean 

situ  monitor,  once  “fingerprints”  of  each  process  step  between  species.  The  sharp  rise  in  the  argon  peaks  in 

are  obtained  It  is  not  capable  of  unattended  oper<.iion  the  initiation  of  this  procedure.  The  trend  of  all  dopant 

due  to  Its  limitation  of  scanning  for  only  two  hours  species  appears  to  be  exponential  in  nature.  The  con- 

The  RGA  illustrated  the  effectiveness  of  the  protec-  firmation  of  this  effect  is  seen  in  the  effect  of  pumping 

tion  from  pump  backstreaming  on  this  machine  The  on  the  water  The  water  reaches  baseline  very  quickly, 

.scan  in  fig  2  shows  the  levels  of  hydrocarbons  and  while  the  dopant  species  continue  downward  An  ex- 

mechanical  pump  oils  to  be  at  barely  detectable  levels.  ponential  curve  fit  may  be  possible. 

A  full  .scan  of  the  AMU  spectrum  shows  that  all  hydro-  Fig.  5  supports  the  findings  of  Larson  et  al  [1-3] 

carbon  levels  are  insignificant  In  the  same  figure,  the  The  H,  and  '^C  follow  a  very  similar  pattern.  The  N, 

diagnosis  of  a  leaky  valve  is  completely  evident  with  the  peak  exhibits  a  similar  oscillatory  nature,  but  this  fact 

rise  m  nitrogen  levels  and  the  subsequent  pumpdown  was  noted  by  Larson  [1]  et  al.  as  being  thermal  decom- 

cycle  position  ot  .sensitizer  component  of  the  resist.  However, 

The  “fingerprint”  of  a  typical  implant  can  be  .seen  in  this  fact  does  contradict  his  point  that  >50°C  soft- 

fig  3  This  graph  illustrates  the  sensitivity  of  the  system  bake  was  enough  to  liberate  nitrogen  from  the  resist, 

with  the  detection  of  events  on  endstation  one.  The  The  resist  that  was  u.sed  for  this  experiment  was  .soft- 

peaks  as.sociated  with  "b.  BF2,  '^F,  ^'P  and  their  down-  baked  at  90°C  for  60  s  and  Larson  used  a  45  min  90 °C 

ward  trend  as  the  implant  continues  suggests  the  beam  softbake  [Ij.  Therefore,  this  explains  the  difference  in 

sputtering  of  the.se  dopant  species  from  the  disk.  The  that  the  resist  used  in  our  experiment  had  more  .sensi- 
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tizer  remaining  This  effect  was  seen  only  slightly  in  the 
first  few  scans  due  to  lower  temperature  curing.  This 
observation  supports  the  fact  that  the  resist  outgassing 
IS  hydrogen  evolution  and  is  a  beam  interaction  effect 
as  duly  noted  by  Smith,.  Okuyama,  Lar.son,  et  al.  [1-5). 

4  2  In  situ  particle  counter 

The  in  situ  particle  counter  m  its  present  configura¬ 
tion  had  limited  use  on  this  machine.  The  majority  of 
particles  on  the  180XP  are  less  than  0.3  fim.  The  sensor 
has  a  lower  limit  of  0.5  ^m  with  a  \Q%  capture  rate.  The 
particle  counter  was  helpful  during  one  particle  excur¬ 
sion  event  The  event  involved  the  burning  of  resist  in 
the  endstations  due  to  low  cooling  water  flow  The 
particle  counter  was  used  to  monitor  vent/ purge  cycles 
to  obtain  a  general  trend  The  result  was  a  downward 
trend  from  about  500-600  counts  >0.5  pm 

One  failure  encountered  during  the  experiments  re¬ 
sulted  in  the  coating  of  the  mirrors  by  sputtered  resist. 
The  coating  was  removed  by  cleaning  with  TCA  while 
the  head  was  out  of  the  machine.  This  was  disturbing  in 
that  the  head  failed  after  two  weeks  and  low-  re.sist 
loading.  This  problem  may  be  corrected  by  relocating 
the  head,  or  possible  heating  of  the  mirrors 

The  instrument  it.self  was  user  friendly.  The  soft- 
ssare.  supplied  by  the  vendor,  is  necessary  if  the  instru¬ 
ment  IS  to  be  used  for  process  monitoring,  as  it  allows 
for  continuous  monitoring  and  storing  of  data. 


5.  Conclusions 

We  have  concluded  from  this  comparison  that  neither 
the  RGA  nor  the  particle  counter  are  reliable  and 


self-sustaining  process  monitors.  The  RGA  protects 
against  abnormal  conditions  of  re.sist  outga.ssing,  argon 
clean,  leaks  and  predictive  regenerations  of  cryopumps 
The  inability  of  the  RGA  computer  to  continuously 
monitor  the  process  is  the  only  disadvantage  noted 

The  particle  counter  had  a  good  interface  with  the 
user  m  that  the  software  had  the  ability  to  continuously 
store  and  monitor  the  data  without  operator  interven¬ 
tion.  The  rapid  coating  of  the  mirrors  and  the  poor 
.sensitivity  of  the  head  on  this  machine  are  the  major 
flaws  with  the  instrument. 

Further  areas  of  research  include  a  comparvson  of 
different  implanters  using  the  RGA  to  obtain  baseline 
fingerprints  of  the  machines.  A  highly  desirable  investi¬ 
gation  will  be  the  effectiveness  of  inert  gas  cleaning 
using  time  and  high  voltage  arcing  as  the  independent 
and  dependent  variables  Lastly,  a  correlation  of  the 
chemical  analysis  of  particles  to  the  RGA  peaks  would 
be  u.seful  for  measurement  of  contamination  sources 
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The  generation  of  an  ion  beam  and  its  impact  into  photoresist-masked  wafers  will  have  an  adverse  effect  on  the  vacuum  of  an  ion 
implanter  This  is  particularly  significant  when  doping  with  boron  using  BF,  or  BCI ,  as  the  source  feed  material  As  well  as  affecting 
high  voltage  performance,  poor  vacuum  will  allow  charge  exchange  and  partial  neutralization  of  the  ion  beam  whieh  could  cause 
energy  contamination  as  well  as  dosimetry  errors  The  nature  of  these  effects  depends  not  only  on  the  system  design  but  also  on  the 
implanted  species  and  its  charge  state  and  energy  Phis  paper  discus.ses  the.se  effects  on  ion  implanter  performance  and  shows  how  a 
matrix-based  general  vacuum  model  may  be  used  to  investigate  vacuum  integrity  A  time-dependent  vacuum  model  that  simulates  the 
effect  of  pre.ssure  on  dosimetry  is  also  described 


1.  Introduction 

For  many  years  the  semiconductor  equipment  in¬ 
dustry  has  been  aware  of  the  adverse  effects  that  poor 
sacuum  can  have  on  the  ton  implantation  proce.ss  How¬ 
ever.  the  very  nature  of  ion  beam  generation  from  a  gas 
or  vapor  source,  its  inefficient  tran.sport  (mo.stly  due  to 
mass  analysis)  and  the  copious  quantities  of  gas  that 
can  be  produced  on  impact  into  the  wafer  have  made 
this  a  recurring  problem. 

In  this  paper  the  most  common  of  these  adverse 
effects  will  be  discussed  and  some  simple  techniques  for 
improving  vacuum  system  design  will  be  de.scribed  and 
illustrated  However,  before  doing  this  it  is  useful  to 
identify  and  quantify  the  principal  gas  loads  in  a  typical 
ion  implanter. 


2.  Gas  loads  in  an  ion  implanter 

There  are  various  types  of  gas  load  that  can  occur 
during  implantation  depending  on  the  species  being 
implanted  and  the  feed  material  that  is  u.sed  Each  of 
thc.se  will  now  be  described  and  illustrated,  where  possi¬ 
ble.  by  using  the  example  of  a  boron  implant  from  a 
BFj  gas  feed 

2  1.  Arc  chamber 

If  the  ion  source  of  an  implanter  were  100%  efficient 
then  every  standard  cubic  centimeter  per  minute  (seem) 
of  flow  into  the  arc  chamber  would  produce  71.7  mA  of 
singly  ionized  molecular  beam  current  However,  be¬ 


cause  this  is  not  usually  true,  gas  or  vapor  which  is  not 
ionized  will  flow  into  the  beamhne. 

O  =/  (1) 

Vsouftc  'beam  1\  1  f  '' 

where  ij  is  the  ionization  efficiency  and  /  is  the  ratio  of 
the  analyzed  beam  current.  /h„ni  (mA),  to  the  total 
source  dram  current.  is  measured  in  seem. 

Both  7)  and  /  depend  on  the  type  of  source  that  is 
used  and  on  the  way  that  it  is  tuned  The  modified  hot 
cathode  PIG  source  used  on  the  Genus  G1500  ion 
implanter  [ '  for  example,  has  an  ionization  efficiency 
of  around  0.4  to  0.45  For  large-aperture  Freeman 
sources  this  could  be  as  low  as  0.25.  whilst  efficiencies 
as  high  as  0.5  could  be  attained  from  sources  that  use 
more  intense  plasma  densities  The  value  of  /  for  BF,  in 
the  G1500  ion  source  is  around  0  2  to  0.25  (fig  1).  For  a 
well  tuned  Freeman  source  this  could  be  as  high  as  0  4 

It  should  be  noted  that,,  particularly  in  the  case  of 
small  extraction  aperture  .sources,  the  usual  conduc¬ 
tance  formulae  for  treating  this  gas  load  may  not  be 
appropriate  because  of  streaming  effects  This  is  dis¬ 
cussed  further  m  the  section  on  the  matrix  method. 

2.2.  Analyzing  ma^.Kt  flight  lube 

When  boron  is  being  implanted  using  a  BF,  or  BCI 3 
feed  gas  a  significant  gas  load  is  generated  in  the 
analyzing  m,"gnet  flight  tube.  This  occurs  becau.se  unre¬ 
solved  halide  ions  are  deposited  on  the  flight  tube  walls. 
Since  they  are  volatile  they  are  likely  to  re-evolve  as 
atomic'  F  or  Fj.  If  it  is  assumed  that  only  a  negligible 
amount  of  the  extracted  beam  is  intercepted  by  aper¬ 
tures  before  the  flight  tube  then  this  gas  load  (seem) 
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PERCENTAGE  OF  EXTRACTED  CURRENT 


Fig.  1,  Typical  composition  of  the  extracted  beam  from  llie 
G1500  PIG  ion  .source 


may  be  quantified  in  terms  of  the  ratio,  R,  of  the  total 
ionized  fluorine  (atomic  mA)  in  the  source  beam  cur¬ 
rent  to  the  "b  current 

O  (2) 

VF;  71  7  'beam 

As  can  be  .seen  from  fig  1.  if  the  contributions  from 
BFi* BF"^  and  F*  are  summed,  the  Genus  PIG  source 
has  an  R  value  of  about  3  This  gives  the  somewhat 
surprising  result  that  the  gas  load  at  the  flight  tube  is  as 
high  as  20%  of  that  which  leaves  the  ion  source  This  is 
just  a  guideline,  however,  since  R  depends  not  only  on 
the  type  of  source  used  but  also  its  tuning. 

2  S  End  station 


There  is  a  considerable  outgassing  load  when  im¬ 
planting  into  photoresist.  This  is  predominantly  H,  and 
the  quantity  produced  is  beam  current  and  energy  de¬ 
pendent.  Looking  at  HPR204  positive  photoresist.  Smith 
[2]  has  shown  that  the  outgassing  rate  (seem)  is  highest 
at  the  beginning  of  an  implant  and  remains  fairly  con¬ 
stant  until  a  critical  dose  (of  about  2  x  10'“*  cm"*)  has 
been  reached: 

eii,ma,  =  0  014t/A/,/,,,„.,  (3) 

where  the  utilization.  (/,  is  the  fraction  of  the  beam  that 
IS  incident  on  the  wafer.  For  arsenic  at  40,  80  and  160 
keV  Smith  gives  values  for  of  about  900,  1400  and 
2600.  respectively. 

Using  this  data  and  that  of  O’Connor  and  Riley  [3] 
and  Roche  et  al.  [4],  a  semi-empirical  expression  has 
been  derived  to  describe  the  outgassing  in  more  general 
terms: 

'  (i+z)(0/o,)’ 

where  E  is  the  beam  energy  in  keV.  It  must  be  noted 
that  the  critical  dose,  that  is  u.sed  here  is  slightly 


different  to  that  used  by  Smith  because  of  the  simple 
quadratic  fall-off  in  outgassing  rate  that  is  assumed  in 
this  expression. 

2.4.  Other  gas  loads 

Chamber  outgassing  loads  are  generally  small  com¬ 
pared  with  the  other  loads  that  have  been  discussed. 
However,  this  may  not  be  true  for  graphite  apertures  or 
linings  upon  which  the  beam  is  incident.  The  composi¬ 
tion  and  the  rate  of  gas  evolution  is  very  dependent  on 
the  type  of  graphite  used,  its  history  and  its  operating 
temperature.  This  is  discussed  in  more  detail  in  a  review 
article  by  Beitel  [5]. 

In  certain  instances,  additional  gas  loads  are  intro¬ 
duced  intentionally  into  the  implanter.  In  the  Extrion 
160-10  implanter  [6],  for  example,  a  nitr^men  bleed  is 
used  to  control  the  effect  of  space  ch,  ^e  on  beam 
focussing.  A  number  of  machines  also  use  an  inert  gas 
bleed  as  part  of  the  system  for  generating  low  energy 
flood  electrons  (see,  e  g.,  Renau  el  al  [7]).  The  quantity 
of  gas  which  is  used  in  these  ca.ses  will  generally  vary 
from  one  implant  to  the  next  but  is  typically  in  the 
range  1  to  5  seem 


3.  Problems  caused  by  poor  vacuum 

Pressure  related  degradation  of  the  beam  can  be 
represented  generically  by 

t- 1 -exp(-X.'oP/),  (5) 

where  e  represents  the  fraction  of  the  beam  which  is 
affected  by  a  reaction  for  which  the  cross  secoon  is  o 
(cm*)  after  the  beam  has  traversed  a  path  with  a  pres- 
suie- length  product  of  PI  (Torr  cm),  i,'  is  the  Lo.sch- 
midt  number  (the  number  of  molecules  in  a  gas  at 
0°C  =  3.538  X  10"’  Torr  'em  ■') 

There  are  a  number  of  reactions  of  this  type  which 
can  affect  the  beam  at  different  regions  of  the  im¬ 
planter  Some  of  the  most  common  will  now  be  dis¬ 
cussed 

3  I.  Dose  and  uniformity  errors 

When  the  ion  beam  propagates  through  an  elevated 
pressure  region  the  ions  will  be  partially  neutralized. 
The  current  arriving  at  the  wafer  (or  Faraday  cup)  is  no 
longer  an  accurate  measure  of  the  dose  rate  The  dose 
will  be  affected  if  this  reaction  occurs  anywhere  after 
mass  analysis  (which  filters  out  the  neutrals)  and  before 
charge  integration  Photoresist  outgassing  is  a  majoi 
influence  on  the  pressure  of  these  regions  The  neutrali¬ 
zation  cross  section,  a,  varies  with  species,  energy  and 
gas  type  but,  typically,  it  is  in  the  range  10“'*  to  10"  '* 
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J  2.  Energy  coiuammalion 


J  4.  General  problems 


Neutralization  or  charge  exchange  (eg.,  A'^^-  B® 

A®  +  B  ^ )  which  occurs  after  analysis  but  prior  to  the 
beam  being  accelerated  to  its  final  energy  will  result  in 
energy  contamination  as  well  as  a  dose  error.  The 
contaminant  ions  or  neutrals  will  have  a  different  pro¬ 
jected  range  from  the  rest  of  the  beam  thus  giving 
subsidiary  peaks  on  the  depth  profile.  The  quantity  of 
contaminant  can  be  calculated  from  eq.  (5).  The  pres¬ 
sure  length  product  is  now  the  path  between  the  analyz¬ 
ing  magnet  and  the  beginning  of  the  acceleration  region. 
This  IS  significant  since  it  may  be  a  poorly  pumped 
region 


Of  the  more  general  problems  cau.sed  by  poor  vacuum 
perhaps  the  most  significant  is  increased  X-ray  levels 
This  occurs  because  electrons  produced  by  ionization  of 
neutrals  can  be  accelerated  in  the  opposite  direction  to 
the  ion  beam  and  produce  X-rays  on  impact  into  high-Z 
(typically  metallic)  targets.  As  well  as  the  obvious  safely 
hazards,  these  may  degrade  the  high  voltage  opeiation 
of  the  machine  since  an  X-ray  which  strikes  an  insulator 
can  cause  photo-ionization  which  can,  in  turn,  lead  to 
electrical  breakdown 


4.  Analytical  and  modelling  aids  to  vacuum  design 


}  2  Molecular  dissociation 

Two  common  implants  suffer  because  of  molecular 
dissiKiation.  The  first  is  BFi,  which  may  dissociate  in  a 
number  of  wavs  after  it  has  been  analyzed  but  before  it 
IS  accelerated  to  final  energy.  For  example 

BF,‘-B"+F:,.  (6) 

In  this  example,  if  and  Fp,,,;  are  the  pre-  and 
post-analysis  acceleration  voltages  then  the  desired  im¬ 
plant  energy  for  the  boron  is  (Fp^^  +  Fp„.,,)  X  11/49. 
However,  boron  from  the  ions  which  dissociate  as  in  eq. 
(6).  will  have  an  implant  energy  which  is  Fp„„  X  38/49 
greater  than  this.  The  significance  of  this  reaction  de¬ 
pends  on  how  large  the,  latio  Fp„„/Fp,^,  is.  since  if  it  is 
small  the  contaminant  depth  profile  mav  not  be 
noticeable 

The  second  type  of  dissociative  reaction  can  occur 
whenever  multiply  charged  ions  are  used  for  implant. 
Generally  only  a  small  fraction  of  the  ion  source’s 
output  IS  multiply  charged  and  so  dissociation  of  any  of 
the  molecular  output  prior  to  analysis  can  produce  a 
significant  contaminant  This  can  be  illustrated  li^  con¬ 
sidering  a  implant  The  reaction  of  interest  is- 

P/-»P*+P®  (7) 


All  of  the  problems  that  have  been  di.scussed  can  be 
reduced  greatly  by  a  better  approach  to  vacuum  system 
design.  A  number  of  simple  theoretical  tools  have  been 
developed  to  a.ssist  with  this  process,  two  of  which  will 
be  outlined  here,  A  more  detailed  account  will  be  given 
in  a  future  publication. 

4  I  Matrix  method  for  calculating  pressure  distributions 

If  the  implanler  is  considered  to  be  composed  of  a 
number  of  distinct  regions  in  which  the  pressure  is 
uniform  then,  with  a  knowledge  of  the  conductances 
between  each  region,  it  is  possible  to  apply  the  equation 
of  continuity  and  calculate  the  pressure  throughout  the 
system- 

n 

(8) 

K--] 

where  Q,  is  the  mass  flow  produced  in  the  ith  region 
and  P,  and  S,  are  the  pressure  and  applied  pumping 
speed  c,^  is  the  conductance  between  ith  and  Ath 
elements.  Since  most  regions  are  not  adjacent  to  each 
other,  most  of  the  c,;  values  will  be  zero. 

This  series  of  equations  lend  themselves  readily  to  ma¬ 
trix  solution: 


The  amount  of  P^  produced  above  can  be  significant 
since  Pi*  IS  generated  in  much  larger  quantities  by  the 
ion  source  than  P"*  [8],  The  P*  produced  in  this  way 
has  almost  exactly  a  quarter  of  the  energy  of  the  P’  * 
and,  hence,  the  same  magnetic  rigidity  The  contami¬ 
nant  ion  will  therefore  be  transmitted  However,  its 
implant  energy  will  be  Fp„,,  +  l.SFp^^  lower  than  re¬ 
quired. 

In  the  context  of  multiply  charged  implants  it  must 
also  be  noted  that  the  charge  exchange  cross  sections 
for  these  ions  are  large  [8]  and  so  post-analysis  energy 
contamination,  as  described  in  section  3.2,  can  be  a 
major  problem. 
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where: 

k- 1 

In  the  above  summation  c„  is  ignored.  The  rest  of  the 
conductance  matrix  is  readily  calculable  by  using,  for 
example,  the  various  formulae  that  are  given  by  Roth 
[9).  For  gas  loads  which  have  some  directionality 
(streaming)  such  as  the  ion  source  and.  in  some  cases, 
wafer  outgassing,  the  load  matrix  may  be  adjusted  to 
account  for  this.  Assuming  molecular  flow,  it  is  rela¬ 
tively  easy  to  integrate  the  velocity  distribution  (which 
IS  piobably  cosine  [9])  over  the  emitting  surface  and, 
thereby,  calculate  what  fraction  of  the  load  will  flow 
directly,  without  collision,  into  another  region.  In  this 
way  the  load  from,  say,  the  ion  source  may  be  distrib¬ 
uted,  according  to  the  geometry,  between  the  extraction 
region,  the  post-extraction  region  and  the  flight  tube. 

.After  matrix  inversion  and  multiplication,  a  piece- 
wise  solution  to  the  pressure  distribution  can  be  ob¬ 
tained  More  elements  can  be  used  to  model  regions  of 
particular  interest  or  regions  which  have  a  significant 
pressure  gradient.  Since  the  pumping  speeds,  conduc¬ 
tances  and  loads  are  gas  type  dependent,  the  matrix 
equation  must  be  solved  for  each  of  the  partial  pre.s- 
sures  The.se  may  then  be  summed  and,  with  the  rele¬ 
vant  cross  sections,  the  impact  on  the  implantation 
process  assessed 

To  demonstrate  the  use  of  this  technique,  two  simi¬ 
larly  priced  approaches  to  bearnhne  pumping  are  com¬ 
pared  in  fig.  2  In  the  first,  the  conductance  between  the 
end  station  and  the  beamline  is  minimized.  Pumping  is 
done  at  the  terminal  end  which,  for  practical  rea.sons, 
limits  the  pump  size  In  contrast,  the  second  approach 


uses  a  larger  (cryogenic)  pump  at  ground  potential  and 
maximizes  the  conductance  from  the  beamline. 

When,  as  in  this  example,  photoresist  outgassing  i.^ 
of  concern,  a  useful  figure  of  merit  is  the  normalized 
effective  path-length,  This  is  the  total  pressure- 
length  product  for  beam  neutralization,  normalized  to 
the  end  station  pressure  and  is  readily  calculable  from 
the  model.  It  can  be  seen  from  the  example  illustrated 
that  the  open  conductance  approach  to  beamline  pump¬ 
ing  offers  considerable  advantages. 


4.2.  Time  dependent  pressure  variations 


For  problems  like  photoresist  outgassing,  the  pres¬ 
sure  and  gas  loads  are  not  constant.  In  such  cases  it  is 
necessary  to  refine  the  technique  for  analyzing  the 
vacuum.  Starting  once  again  from  the  equation  of  con¬ 
tinuity 

=  (10) 


where  V  is  the  region's  volume  and  Q,n(0  is  the  load,  it 
can  be  shown,  by  integration,  that 
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Using  this  expression,  the  evolution  of  the  system’s 
pressure  can  be  traced  in  short  time  steps  (Ar). 

In  this  case  of  photoresist  outgassing,  the  load  is 
given  by  eq  (4)  along  with  an  ambient  load  which 
represents  chamber  outgassing. 

g,„=gn,  +  SP„, (12) 


CHAMBER 


CHAMBER 


Fig  1  Calculated  total  pressure  distributions  in  a  “generic"  implanter.  Assuming  typical  loads  and  geometries,  the  effectiveness  of 
(a)  directly  pumping  the  beamline  from  the  terminal  can  be  compared  to  (b)  an  open  conductance  design  with  additional  pumping 
from  the  ground  level.  Although  both  approaches  have  .similar  cost,  the  effective  path  length  (see  text)  in  (a)  is  67  cm  whilst  in  (b)  it  is 

reduced  to  44  cm  The  pumping  speeds  given  are  for  nitrogen 
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Fig  3  End  station  pressure  and  beam  current  modulation  in  a 
batch  machine  The  photoresist  outgassing  load  is  calculated 
from  eq  (4)  with  the  utilization  factor  varying  as  the  wafers 
scan  in  and  out  of  the  beam. 


An  example  of  the  pressure  fluctuations  in  a  batch  end 
station  IS  shown  in  fig.  3,  along  with  the  effect  that  this 
has  on  the  beam  current  assuming  an  effective  normal¬ 
ized  path  length  of  44  cm  (see  fig.  2)  and  a  neutraliza¬ 
tion  cross  section  of  d  x  10"  cm^.  It  can  be  seen  that, 
if  the  dosimetrv  system  is  not  designed  to  cope  with 
this,  the  effect  on  dose  uniformity  is  severe. 


5.  Conclusion 

The  principal  gas  loads  in  an  implanter  have  been 
quantified  and  the  various  detrimental  process  effects  of 


poor  vacuum  have  been  discusssed.  A  simple  tool  that 
can  be  used  for  vacuum  system  design  has  been  de¬ 
scribed  and  its  use  illustrated.  The  extension  of  the 
model  to  analysis  of  the  effects  of  time-depenaent  pho¬ 
toresist  outgassing  has  also  been  described  and  demon¬ 
strated. 
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Particle  contamination  control  in  the  EXTRION  220 

R.  Milgate  and  J.  Pollock 

Vanan  Ion  ImpUi,  I  Svslenis,  Blackburn  Intluilnal  Park,  Gloucester,  MA  01930,  USA 


The  design  philosophy  of  the  EXTRION  220,  a  serial  implanter,  with  regard  to  particle  contamination  is  di.scussed,  The  implanter 
IS  a  hybrid  electrostatic/mechanical  scan  system  offering  unique  performance  characteristics  Particle  control  has  been  studied  under 
stringent  test  conditions.  The  evolution  of  the  particle  control  hardware  is  explained  Data  documenting  particle  contamination  levels 
IS  presented 


t.  Introduction 

Particle  contamination  continues  to  be  one  of  the 
most  important  factors  affecting  yields  today  in  in¬ 
tegrated  circuit  manufactunng.  With  device  geometries 
shrinking  and  chip  areas  growing,  equipment  require¬ 
ments  governing  the  allowable  size  and  quantity  of 
particles  added  to  wafers  during  processing  are  being 
tightened  accordingly.  Ion  implantation  process  cleanli¬ 
ness  has  become  increasingly  important  because  many 
of  the  more  advanced  circuits  now  being  manufactured 
require  multiple  implant  steps,  some  as  many  as  15  [I], 

The  EXTRION  220  is  a  new  generation  medium 


current  ton  implanter  which  has  most  recently  demon¬ 
strated  outstanding  particle  performance  in  the  field 
This  paper  di.scusses  the  initial  design  philosophies  and 
strategies,  describes  the  wafer  handling  system,  outlines 
the  design  evolution  of  hardware,  and  presents  factory 
test  and  field  performance  data. 

1.  Design  philosophy  /  system  description 

The  endstation  of  the  EXTRION  220  performs  both 
wafer  handling  and  mechanical  scanning  functions.  The 
design  has  concentrated  on  maximizing  reliability  and 


fig  1.  Schematic'  isometric'  view  of  the  EXTRION  220  endstation  A  pair  of  two-axis  wafer  handlers  pick  and  place  wafers  in 

vacuum 
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wafer  safety  while  minimizing  wafer  contamination.  De¬ 
sign  philosophies  were  based  primarily  on  experiences 
with  earlier  generation  ion  implanter  particle  optimiza¬ 
tion  efforts.  Much  progress  towards  reducing  con¬ 
tamination  levels  had  already  been  made  on  these  earlier 
systems,  like  the  EXTRION  350D  and  300XP,  with 
respectable  field  performance  being  readily  attained 
after  installing  retrofit  hardware  (2).  Despite  the  encour¬ 
aging  results,  it  had  become  clear  that  the  fundamental 
concept  of  handling  wafers  m  air  and  sequentially  load- 
locking  them  into  the  main  process  chamber  was  a 
severely  limiting  factor  in  achieving  particle  perfor¬ 
mance  levels  good  enough  to  meet  future  requirements. 
Also,  edge  handling  of  wafers  had  been  identified  as  a 
contributing  source  of  particles  in  the  endstation  [3). 
These  two  important  observations  helped  in  sharing  the 
EXTRION  220  endstation  design  concept  which  be¬ 
came  a  system  using  batch  vacuum  loadlocking  of  wafers 
in  cassettes,  with  backside  handling  of  wafers  in  high 
vacuum  using  gentle  pick  and  place  methods. 

The  EXTRION  220  wafer  handling  system  is  an 
in-vacuum  horizontal  design  which  handles  wafers  of  up 
to  200  mm  directly  from  SEMI  standard  wafer  ca.s- 
settes.  Fig  1  shows  a  schematic  isometric  view  of  this 
system.  One  centrally  located  implant  site  is  “served” 
by  a  pair  of  two-axis  wafer  handlers,  one  located  on 
each  side  of  the  process  chamber.  Each  handler  can 
alternately  load  and/or  unload  wafers  to  and  from  the 
horizontally  oriented  platen  by  rotating  from  its  neutral 
“home”  po.sition.  A  wafer  lifter  built  into  the  implant 
platen  provides  the  vertical  lifting  of  the  wafer  to  make 
exchanges  with  the  handlers  Two  vacuum  elevator 
loadlocks  are  also  served  by  the  same  two  handlers, 
with  one  handler/ elevator  pair  dedicated  to  each  side 
of  the  machine  (see  fig.  2)  With  the  rotary  axis  of  the 
handler  locked,  the  handler  can  be  translated  in  and  out 
of  the  elevator  to  make  wafer  exchanges  with  the  cas¬ 
sette  Vertical  motion  of  the  elevator  provides  the  gentle 
pick  and  place  exchange  with  the  handlers  When  the 
wafer  handler  is  parked  at  its  “home”  position,  the 
wafer  orienter,  below.,  can  make  an  upward  move  to 
contact  and  lift  the  wafer  from  the  pick  The  orienter 
spins  the  wafer  while  an  optical  detector  maps  its  edge 
profile.  The  orienter  aligns  the  wafer  flat  and  centrally 
replaces  the  wafer  on  the  pick 

All  wafer  handling  motions  are  motor  driven  and 
motion  profiled  to  control  acceleration  forces  acting  on 
the  wafers  Wafer  slippage  is  prevented  and  wafer 
throughput  IS  iiiaxiiiiizcd  because  mechanisms  are  run 
slowly  when  carrying  wafers  and  fast  when  not  All  of 
the  handler  mechanisms  operate  m  vacuum,  below  the 
wafer  handling  plane,  so  that  any  particulate  matter 
generated  by  them  will  fall  to  the  floor  of  the  chamber. 
Wafers  (up  to  two  cassettes  full  at  a  time),  are  brought 
into  the  process  chamber  through  the  vacuum  elevator 
loadlocks.  Because  the  load-locks  were  the  only  cham- 


Fig  2.  Elevation  view  of  the  wafer  handler,,  orienter.  and 
cassette  elevator 


bers  to  be  vacuum  cycled  during  normal  machine  use. 
extra  careful  attention  was  paid  to  the  design,  selection 
and  positioning  of  components  whithin  them  Motion 
feedthroughs  were  located  at  the  bottom  of  the  load 
lock  chamber,  adjacent  to  the  rough  pumping  port, 
while  the  vent  port  was  located  in  the  roof  of  the  load 
lock.  A  description  of  the  design  evolution  of  the  load- 
lock  vent  system  follows. 


3.  Design  evolution 

The  loadlocks  of  the  EXTRION  220  have  remained 
essentially  unchanged  throughout  the  machine’s  produc¬ 
tion  history,,  however  the  venting  systems  have  been 
revised  a  number  of  times  (.see  fig  3).  These  design 
improvements  have  been  driven  by  our  observations 
and  theories  regarding  the  effects  of  gas  flow  in  the 
loadlocks  on  wafer  surface  particle  contamination 

Recognizing  that  it  would  be  economically  unfeasi¬ 
ble,  if  not  impo.ssible,  to  eliminate  every  potential  par¬ 
ticle  source  in  the  machine,  a  more  realistic  approach 
was  taken,  which  was  to  minimize  those  sources  and 
concentrate  on  controlling  the  mechani.sms  of  particle 
transport.  By  handling  in  vacuum,  the  unpredictable 
effects  of  aerodynamic  forces  on  particle  tran.sport  have 
been  eliminated  This  in-vacuum  handling  concept, 
combined  with  a  handler  layout  which  constrains  all  the 
particle  generating  hardware  to  be  below  the  wafer 
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plane,  has  resulted  in  a  very  clean  overall  design.  Early 
experiments  on  a  prototype  EXTRION  220  revealed 
that  the  majority  of  particles  were  added  dunng  gas 
exchange  in  the  loadlocks,  thus  validating  in-vacuum 
handling.  It  also  made  clear  the  need  to  focus  on  the 
loadlocks  to  improve  particle  performance.  Even  after 
improving  machine  performance  to  as  low  as  0.009 
particles  per  cm^  at  0.3  pm  and  larger,  recent  experi¬ 
ments  still  show  that  loadlocks  are  the  only  significant 
contributor  in  the  EXTRION  220. 

The  contamination  levels  in  the  loadlocks  have  been 
reduced  by  modifying  the  gas  .low  into  them  during 
venting.  To  understand  the  importance  of  the  gas  ex¬ 
change,  particularly  dunng  venting,  it  is  necessary  to 
consider  the  mechanics  of  particle  liberation  and  trans¬ 
port 

Near  atmospheric'  pressure,  the  movement  of 
airborne  particles  of  submicron  Size  is  strongly  .i  func¬ 
tion  of  aerodynamic  forces  The  aerodynamic  forces 
acting  on  these  particles  are  orders  of  magnitude  greater 
than  the  force  of  gravity  [4].  However,-  if  these  particles 
come  in  contact  with  a  surface,  they  become  bound 
quite  tightly  there  by  van  der  Waals  forces.  With  submi¬ 
cron  separations  these  strong  adhesive  forces  are  also 
much  greater  than  gravitational  ones  [4]  The  .size  of 
the.se  attached  particles  makes  them  all  but  impervious 
to  further  aerodynamic  effects  as  they  are  small  enough 
to  effectively  “hide”  under  the  boundary  layer  that 
forms  between  the  surface  and  the  surrounding  gas 
flow.  There  is.  however,  a  gas  flow  condition  which  is 
capable  of  liber  iting  these  tightly  bound  particles, 
namely  sonically  choked  flow 

The  condition  of  sonically  choked  flow  is  well  known 
in  gas  dynamics  Briefly  stated,  whenever  the  pre.ssurc 
ratio  across  an  orifice  becomes  less  than  the  critical 
pressure  ratio,  flow  becomes  independent  of  down¬ 
stream  pressure  Regarding  particle  contamination  the 
significance  of  this  phenomenon  lies  in  what  occurs  on 


the  downstream  side  of  the  orifice  during  a  period  of 
sonically  choked  flow  A  plume  of  locally  supersonic,- 
relatively  high  density  gas  (compared  to  the  surround¬ 
ing  ga.s)  is  formed.  This  plume  of  gas  is  quite  well 
defined,  being  roughly  conical  in  shape,  with  its  length 
and  diameter  determined  by  the  size  of  the  orifice.the 
pressure  on  the  downstream  side  of  the  orifice  and  the 
pre.ssure  ratio  [5],  As  the  critical  pressure  ratio  for  N2  at 
standard  temperature  and  pressure  is  about  0  53,  it  can 
be  seen  that,  unless  special  precautions  are  taken  to 
avoid  it,  the  condition  of  sonically  choked  flow  exists 
whenever  a  vacuum  vessel  is  vented.  During  the  first 
few  seconds  of  venting,  v/hen  the  pressure  ratio  is  large, 
this  gas  jet  has  enormous  ability  to  liberate  particles 
from  surfaces  it  comes  in  contact  with  This  is  because 
the  density  outside  the  :et  is  low.  so  little  or  no  boundary 
layer  can  form  at  the  gas/surface  interface.  With  no 
protective  boundary  '.ayer  to  hide  under,  the  attached 
particles  encounter  '.he  full  aerodynamic  drag  lorces 
applied  by  the  gas  flow,  and  are  easily  stripped  away, 
making  them  available  for  redistribution  within  the  load 
lock 

This  jet  also  forms  dunng  rough  vacuum  pumping. 
In  this  case,  hov/ever,  it  forms  within  the  roughing 
manifold  (not  in  the  loadlock)  Provided  the  roughing 
manifold  is  properly  designed,  particles  liberated  in  the 
manifold  during  roughing  will  not  contaminate  the 
loadlock  It  should  be  noted  that  the  particle  contribu¬ 
tion  a.s.sociated  with  rough  pumping  a  chamber  is  very 
dependent  on  chamber  and  manifold  geometry  If  How 
re.strictions  arc  pre.sent  within  the  chamber  which  allow 
pre,ssure  differences  greater  than  the  critical  pressure 
ratio  to  develop  during  rough  pumping,  then  techniques 
such  as  soft  start  pumping  or  staged  rough  pumping 
may  have  a  significant  effect  on  particle  contamination 
levels  Experiments  with  the.se  devices,  however,  nave 
shown  that  the>  do  not  significantly  improve  particle 
performance  when  u.sed  on  the  EXTRION  220 


.(b)  ;(c) 


Fig  3,  Schematic  diagram  showing  the  dc.sign  evolution  of  the  loadlock  venting  configuiation 
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The  initial  configuration  of  the  loadlock  provided 
unidirectional  gas  flow  which  had  been  shown  to  be 
important  for  good  particle  performance  [6],  but  did  not 
control  the  shock  wave.  During  prototype  evaluation 
this  configuration  produced  disappointing  results  ( >  1.0 
particles/cm‘  at  0.5  pm  and  larger)  which  in  retrospect, 
should  have  been  expected. 

Fig.  3  shows  schematically  a  history  of  venting  con¬ 
figurations.  The  first  production  configuration  (fig.  3a) 
used  a  number  of  small  orifices  to  control  the  rate  of 
flow  of  vent  gas  into  the  chamber  The  intent  was  to 
minimize  the  size  of  the  jets  and  place  the  orifices 
within  the  loadlock  such  that  any  particles  liberated 
during  venting  would  be  confined  to  an  area  below  the 
wafer  cassette  Typical  performance  measured  was  0  077 
particles/cm‘  at  0.5  pm  and  larger  for  this  configura¬ 
tion 

A  variation  of  this  first  production  configuration 
changed  the  relative  locations  of  the  vent  shut-off  valves 
and  the  vent  filters,  and  replaced  the  multiple  orifice 
vent  tube  with  a  single  orifice  (see  fig  3b).  Downstream 
filtration  was  used  to  protect  the  loadlock  from  par¬ 
ticles  generated  by  tbe  valve.  This  .system  demonstrated 
particle  performance  of  0  066  particles/cnr  at  0  5  pm 
and  larger  This  was  an  insignificant  improvement 

Although  the  particle  performance  was  re.spectable. 
It  fell  far  short  of  our  goals  Additionally.-  the  long  vent 
times  being  used  had  significantly  decreased  wafer 
throughput  At  this  point  in  time  Mears  and  others  [7] 
were  reportedly  demonstrating  excellent  loadlock  par¬ 
ticle  performance  with  rapid  venting  After  reviewing 
the  contamination  results  and  the  v'ent  design,  it  ap¬ 
peared  that  they  key  to  that  system  was  the  placement 
of  the  point  of  u.se  filter,  truly  at  the  point  of  entry  into 
the  chamber,  with  no  downstream  flow  restrictions  It 
was  postulated  that  the  shock  wave  was  forming  on  the 
upstream  side'  of  the  filter.-  downstream  of  the  shutoff 
valve  The  poor  conductance  across  the  filter  combined 
with  a  lack  of  restrictions  beyond  it.,  prevented  the 
formation  of  any  subsequent  shcKk  waves 

Based  on  these  observations,  a  similar  vent  config¬ 
uration  f(ir  the  F.XTRION  220  was  built  and  tested, 
which  put  the  vent  assembly  hack  on  the  roof  of  the 
loadlock  Results  were  mixed  vent  times  weie  rapid, 
particle  levels  were  '  'w,  hut  the  t-  p  wafer  in  tli;  cassette 
was  consistently  an  order  of  magnitude  tlirtier  than  the 
others  Since  the  problem  wai  .onfined  tt)  the  ,op  shce,- 
and  the  particle  si/e  distribution  wa^  no*  bias.d  to  large 
particle  si/es,  it  was  felt  that  this  effect  was  associated 
witn  some  event  in  the  early  portion  ot  the  vent  cvcie 
Consider,  had  these  particles  not  attached  to  the  top 
wafer  by  the  time  pressures  were  high  enough  to  sustain 
airborne  particle  motion  then  ill!  the  wafeis  in  the 
cassette  would  have  been  fairly  unilormly  con¬ 
taminated  This  was  not  the  wise 

To  eliminate  the  top  wafer  cflect  it  was  decided  to 


MEASUREMENT  NUMBER 

Fig  4  History  of  particles  added  to  wafers  run  on  a  system  in 
around-the-clock  production,  after  having  its  loadlocks  up¬ 
graded  to  the  current  vent  configuration 


permanently  install  a  baffle  in  the  loadlock.-  directly 
below  the  vent  port  This  arrangement  (fig.  3c)  is  the 
venting  system  which  is  in  use  today.  This  configuration 
eliminated  the  top  wafer  effect,-  reduced  actual  vent 
times  to  well  under  one  minute,  and  demonstrated 
particle  performance  levels  as  low  as  0.009  particles/cm' 
at  0  3  pm  and  larger. 

Fig.  4  shows  particle  performance  history  of  a  200 
mm  implanter  running  product  wafers.  168  hours  per 
week  using  this  venting  configuration  The  particle  mea¬ 
surements  made  over  a  4-day  period  show'ed  an  average 
number  added  of  4.6  particles  (0  016  particles  per  cm") 
at  0  3  pm  and  larger,  with  a  standard  deviation  of  7  7 


4.  Summary 

Farly  experiments  regarding  particle  contamination 
in  the  EXTRION  220  verified  that  the  wafer  handling 
concepts  were  sound,  but  in  order  to  achieve  good 
contamination  control,  improvements  would  be  re¬ 
quired  m  the  loadlock  area  The  key  to  making  these 
improvements  was  controlling  the  shock  wave  as.soci- 
ated  with  the  venting  process.  Using  flow  restrictions  to 
control  this  shock  wave  improved  particle  performance 
but  decrea.sed  wafer  throughput  A  final  configuration 
embodying  a  baffle  plate  and  point  of  u.se  filtration  to 
achieve  shock  wave  control  gave  satisfactory  results. 
1  leld  machines  fitted  with  this  configuration  have  re¬ 
ported  contamination  levels  averaging  between  0  01  and 
0.05  particles  per  cm’  at  0  3  pm  and  larger  sizes 

Despite  the  improvements,  loadlocks  are  still  the 
map'i  contributor  to  particle  contamination  The  fact 
that  a  baffle  is  required  to  avoid  top  wafer  effects 
indicates  that  there  is  room  for  further  improvement. 
Loadlock  performance  as  good  as  0  003  particle.s/pcr 
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ctn’  at  0.3  [xm  and  larger  has  been  demonstrated  with 
wafers  oriented  face  down.  This  suggests  that  there  are 
still  liberation  problems  to  address,  and  that  at  lower 
levels  of  contamination  gravitational  transport  is  a  con¬ 
sideration.  Presumably,  this  distribution  occurs  during 
the  time  when  the  lock  pressure  is  too  low  to  sustain 
airborne  particle  suspension,  a  condition  which  obvi¬ 
ously  occurs  during  roughing  as  well  as  venting  Ad¬ 
ditionally,-  experiments  reported  by  Bader  and  Strasser 
[8]  indicate  that  staged  or  profiled  venting  could  im¬ 
prove  loadlock  performance  to  levels  better  than  0.001 
per  cm". 

It  IS  only  by  understanding  the  nature  of  particle 
liberation  and  transport  that  handling  systems  and 
loadlocks  can  be  designed  to  minimize  wafer  surface 
contamination.  By  considering  these  points,  it  is  possi¬ 
ble  to  manufacture  reliable  equipment  which  meets 
users  requirements  for  both  cleanliness  and  wafer 
throughput  without  resorting  to  the  use  of  exotic 
materials  or  expensive  components 
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Control  of  metal  contamination  in  the  Varian  Extrion  1000  ion 
implantation  system 
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and  Edward  Evans 
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The  rapid  development  of  higher-density  device  structures  in  recent  years  has  focussed  increased  attention  on  all  defect-producing 
by-products  of  the  ion  implantation  process  In  the  past,  the  well-known  effects  of  alkali  and  transition  metals  have  constrained  the 
materials  technology  used  in  lon-source  and  beam-transport  systems  of  ion  implanters  The  next  generation  of  high-current  ion 
implanters  is  being  challenged  with  requirements  for  minimization  of  defects  caused  by  other  contamination  sources  This  paper 
presents  data  on  the  levels  of  metal  contamination  prcvduced  in  typical  high-dose  implants  on  the  Varian  Extrion  1000  implanter  It  is 
shown  that  the  aluminum  contamination  level  has  been  reduced  by  greater  than  a  factor  of  13  using  masking  techniques 


1.  Introduction 

The  Varian  Extrion  1000  ton  implanlatton  sy.stem, 
described  in  a  previous  paper  [1],  is  a  high-current  batch 
implanter  covering  the  5-200  keV  range  in  energy  and 
using  beam  currents  between  1  pA  and  27  mA  In  any 
ton  implanter.-  the  ton-beam  transport  system  contains 
defining  apertures,  beam  dumps  to  accept  unwanted 
beams,  accelerating  electrodes  and  other  surfaces  which 
can  contact  the  beam  in  either  steady-state  implanta¬ 
tion,  during  the  tuning  process,  or  under  a  fault  condi¬ 
tion  such  as  a  high-voltage  snark  or  sudden  pressure 
burst  The  transport  system  of  the  Extrion  1000.  shown 
in  fig  1..  is  designed  to  allow  this  contact  only  on 
graphite  surfaces  with  the  following  exceptions' 

(a)  wafer  disc  -  constructed  of  aluminum  and  using 
wafer  retention  pads  of  aluminum. 

(b)  overscan  collector  (commonly  called  the  “spillover 
cup”  -  constructed  of  aluminium. 

(c)  acceleration  tube  electrodes  -  constructed  of 
aluminum  but  guarded  from  beam  interception  by 
upstream  beam  apertures  made  of  graphite; 

(d)  small  annular  region  on  the  outside  of  the  beam 
gate  -  constructed  of  aluminum  and  retracted  from 
the  beam  path  during  implantation; 

(e)  ion  .source  materials  -  include  molybdenum  and 
tungsten  as  well  as  graphite  exposed  to  plasma 
regions. 

Fiach  of  the.se  areas  is  presently  being  studied  experi¬ 
mentally  or  IS  in  redesign  to  reduce  potential  metal 
contributions  The  alternate  material  of  choice  is  silicon 
because  of  expectations  that  carbon  will  eventually  be¬ 
come  a  leading  contaminant  after  the  others  are  reduced 
to  tolerable  levels.  The  present  study  characterizes  the 
performance  of  the  “standard”  model  Extrion  1000  and 


evaluates  the  reduction  of  aluminum  contamination  with 
a  system  upgrade  which  masks  the  disc  and  overscan 
area  with  silicon. 


2.  Experimental 

Several  methods  were  employed  to  analyze  the  metal 
contents  of  implants  done  on  the  Extrion  1000  Total 
metal  doses  were  measured  for  .some  metals  using 
ICPMS  (inductively  coupled  plasma  mass  .spectroscopy) 
This  technique  an-ilyzes  implanted  oxide  layers  after 
stripping  them  chs  iically.  It  suffers  from  interferences 
and  nonrepeatability  for  some  elements  (e.g.  aluminum) 
and  is  su.sccptible  to  errors  as.sociated  with  impurities 
absorbed  during  the  oxidation  process 

SIMS  analysis  offers  depth  information  and  was 
found  to  be  effective  in  producing  integrated  dose  infor¬ 
mation  for  .some  metals  such  as  aluminum  and  chro¬ 
mium  Its  sensitivity  is  limited  for  some  elements  and  it 
IS  also  sensitive  to  surface  particle  contamination  which 
can  mimic  implanted  impurities  at  the  levels  found  in 
implanters 

TXRF  (total-reflection  X-ray  fluore.scence)  was  used 
to  search  for  tungsten  on  wafer  surfaces  deposited  dur¬ 
ing  electron-flood  ope.ation. 

SIMS  and  TXRF  analysis  was  performed  by  Charles 
Evans  &  Associates  (Evans  East),  while  the  ICPMS 
analysis  was  performed  by  Balasz  Laboratories. 

The  Extrion  1000  W'as  evaluated  in  the  e  pha.ses 
using  150  mm  wafers 

(a)  The  performance  of  the  existing  .system  was 
evaluated  using  SIMS  data  for  several  BF;  and  As 
implants  which  were  considered  typical  medium-  to 
high-do.se  implants. 
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Fig  1  The  lon-beam  transport  svstem  of  the  Fxtrion  1000  is  shown  m  schematic  form.  All  areas  designed  for  beam  definition  are 

made  of  carbon. 


(b)  The  “worst-case”  high-dose  As  implant  was  chosen 
for  a  case  study. 

(c)  The  overscan  collector  (.spillover  cup)  was  covered 
with  a  silicon  wafer  and  the  overscan  reduced  to 
remove  a  1  25  cm  annulus  of  safety  margin  around 
the  wafer. 

(d)  The  disc  was  flame-sprayed  with  0.075  mm  of  sili¬ 
con  The  coating  was  inspected  after  all  the  implant 
tests  and  numerous  other  implants  and  found  to  be 
undamaged. 

The  analysis  results  are  discussed  in  the  following  sec¬ 
tion 


3.  Results 

Tabie  1  shows  contamination  results  from  integrat¬ 
ing  SIMS  profiles  for  aluminum  and  chromium  in  ar-- 
seme  and  boron  implants  and  for  molybdenum  in  a  BFi 
implant  for  a  variety  of  energies,  beam  currents  and 
doses.  The  worst-case  situation  occurs  for  the  accelera¬ 
tion  mode  which  is  used  for  high-current  arsenic'  beams 
at  intermediate  energies.  Lower  energies  use  a  drift 
mode  in  which  no  voltage  is  impressed  on  the  tube 
Only  boron  beams  are  typically  used  in  the  deceleration 
mode  which  puts  large  and  opposite  gradients  in  sec- 


Table  1 

Contamination  for  selected  elements  before  upgrade 


Species 

Do.se 

Energy 

ri 

*  j 

Transport 

mode 

Ion  current 
[mA] 

Fraction  of  implanted  dose  (ppm) 

A1  Cr  Mo 

A.s 

9X10'' 

30 

drift 

6 

366 

19 

10  6 

548 

19 

5x  10" 

50 

drift 

15 

95 

8 

1  xlO"’ 

80 

low  accel 

19  5 

1071 

32 

5x10" 

160 

high  accel 

12 

276 

7 

B 

2x10'' 

s 

dccel 

28 

d) 

d) 

BF, 

1  y  10'' 

80 

low  accel 

7.6 

d) 

a) 

130 

”  Below  reference  wafer  correction  level.s. 


CONCENTRATION  (atoms/cc) 
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tions  of  the  tube,  but  the  loiv  energy  of  the  light  boron 
beam  prevents  any  significant  levels  of  aluminum  or 
chromium  from  being  found  Fig.  2  shows  the  SIMS 
spectrum  for  one  of  the  BFi  wafers  and  fig.  3  shows  the 
worst-case  arsenic  implant.  It  was  found  that  the  refer-- 
ence  wafers  showed  a  substantial  metal  content:  ap¬ 
proximately  2.3  X  lO'^  and  4.8  x  10’®  atcms/cm^.  re¬ 
spectively.-  for  Al  and  Cr  on  p-type  wafers,  while  the 
n-type  wafers  had  corresponding  values  of  7.6  xlO" 
and  2.0  X  10”  atoms/cm'’.  Fig.  4  shows  a  spectrum  of 
an  unimplanted  reference  wafer  m  which  it  can  be  seen 
that  the  aluminum  peak  is  much  shallower  than  that 
.seen  in  the  implanted  wafers.  In  all  case.s.  average 
values  of  the  reference  (unimplanted)  wafers  were  sub¬ 
tracted  from  the  raw  data  to  produce  the  results  quoted 
in  the  tables  and  figures 

The  results  are  estimated  to  have  a  precision  of 
approximately  100-150  ppm  (expressed  as  a  fraction  of 
the  dopant  dose)  for  aluminum  in  1  X  lO'*  cm"’  im¬ 
plants  and  20-40  ppm  for  chromium.  No  molybdenum 
subtractions  were  done  because  no  reference  wafers 
weie  available  for  the  molybdenum  data.  The  fluctua¬ 
tions  between  wafers  at  the  same  experimental  condi- 
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Pig  2  SIMS  profile  for  a  BF.-irnplamed  dose  of  IxlO” 
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Fig  3  Arsenic  implant  before  upgrades  .showing  ihe  highest 
traction  of  aluminum  content  in  the  current  tests  The  implant 
dose  was  IxlO”'  aloms/cm'  with  a  beam  energy  of  80  keV 
and  a  current  of  19  i  mA 


tions  imply  that  the  precision  is  of  the  order  of  30-50 
ppm  on  a  5  X  lO’'  cm "  ‘  implant 

Table  2  shows  the  integrated  SIMS  data  which  re¬ 
sulted  from  successive  runs  using  a  masked  spillover 
cup  (graphite),  a  reduced  overscan  and  masked  spillover 
cup  (silicon),  and  a  combination  of  a  silicon-masked 
spillover  cup.  a  silicon-coated  di.se'  and  reduced  over¬ 
scan  The  net  effect  of  the  upgrades  is  to  reduce  the 
aluminum  fraction  from  1071  to  80  ppm  (shown  graphi¬ 
cally  in  fig.  5).  Figs.  6a  and  6b  show  the  SIMS  profiles 
which  result  from  adding  the  graphite  spillover  cup  and 
the  silicon-covered  di.se  configurations,  respectively  The 
latter  also  included  a  silicon-covered  spillover  cup  and  a 
reduced  overscan  The  results  for  other  trace  elements 
were  looked  at  using  ICPMS  in  the  case  of  the 
graphite-covered  spillover  cup  and  are  given  in  table  3 
No  reference  wafer  data  was  subtracted,  and,  therefore, 
the  results  are  considered  conservative  upper-limit  val¬ 
ues.  The  molybdenum  contribution  for  this  implant  is 
expected  to  be  lower  than  in  BFi  implants  because  of 
the  coincidence  of  Mo  *  with  BF,  for  the  24%  friction 
of  the  molybdenum  i.sotope  with  ma.ss  98  The  largest 
contributor  is  the  iron  peak,  and  it  is  seen  to  reduce  by 
a  factor  of  3  8  from  the  original  values. 
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Fig  4  SIMS  profile  of  unimplanted  wafer  used  for  reference  in 
background  subtractions  The  aluminum  profile  drops  to  low 
levels  in  the  first  30  nm  and  to  the  detection  limit  in  70  nm 

An  experiment  was  also  performed  on  the  standard 
configuration  system  to  determine  if  any  tungsten  was 
detectable  from  the  electron- flood  system  during  im¬ 
plantation  Fig.  7  shows  the  TXRF  spectrum  for  an 
arsenic  implant  of  5  X  lO'*  atoms/cm‘  at  50  keV.  No 
tungsten  was  found  at  the  detection  limit  of  the  tech¬ 
nique  (approximately  8  X  lO'^'  atoms/cm'  or  16  ppm  of 
the  implant),  A  peak  of  iron  was  found  at  the  50  ppm 
level  but  was  unaffected  by  turning  the  flood  gun  on  or 


Table  3 

The  effect  of  spillover-eup  upgrade:  ICPMS  analysis  is  pre¬ 
sented  for  a  selection  of  metals;  the  data  was  taken  for  As ' 
1  xio'*’  atoms/cm’  implants  at  80  keV 


Fraction  of  implanted  dose  [ppm) 

Mo  Cu 

Cr 

Fe  Zn 

Standard 
configuration 
before  upgrade 

2  44 

84 

504  59 

Graphite-covered 
spillover  cup 

1  17 

7 

133  28 

off.  No  detectable  levels  of  copper  or  zinc'  were  found 
(at  approximately  20  ppm  detection  limit). 


4.  Analysis 

The  data  on  the  standard-configuration  machine 
show'  that  a  substantial  aluminum  contamination  (0  1% 
of  the  incident  implant)  can  be  obtained  under  condi¬ 
tions  of  large  incident  ions  (As)  and  large  beam  current 
Table  4  shows  the  result  of  numerical  simulations  of  the 
sputtering  of  aluminum  from  the  overscan  regions  There 
are  three  competing  effects;  dwell  time  of  the  beam  on 
overscan  surfaces,  solid  angle  for  sputtered  atoms  land¬ 
ing  on  wafers,  and  occlusion  of  the  .sputtered  atoms  by 
the  Faraday  as.sembly  The  dwell  time  is  larger  on  the 
outside  overscan  than  on  the  inside,  but  the  solid  angle 
for  sputtering  onto  the  wafer  area  is  larger  on  the 
inside.  Occlusion  by  the  Faraday  is  negligible  on  the 
outside  and  is  an  approximate  20%  effect  for  the  inside 
overscan  (for  the  beam  size  of  9.6  cm  used  for  the 
"worst-case”  implant  under  study).  A  sputtering  yield 
of  1  was  assumed  and  the  angular  distribution  of 
sputtered  atoms  was  assumed  to  be  a  cosine  distribu¬ 
tion.  The  model  u.ses  the  approximation  that  the  dwell- 


Table  2 

The  effecl  of  disc  area  upgrades  integrated  SIMS  profiles  arc  presented  for  a  selection  ol  metals 


Species 

Dose 

(aloms/cnr) 

Current 

(mA) 

Fraction  of  implanted  dose  [ppm] 

Al  Cr  Mo 

Standard 

configuration 

As 

1  X  10"'’ 

195 

1071 

32 

Graphite-covered 
spillover  cup 

As 

lx  10"’ 

190 

406 

2 

Silicon-covered 

As 

1x10'" 

20  0 

670 

27 

spillover  cup  and 

As 

lx  10'" 

4.8 

490 

20 

reduced  overscan 

BFj 

5x10'- 

8.2 

354 

17 

Silicon-covered 
disc  and  spillover 
cup  with  reduced 
overscan 

As 

1  xlO'" 

19! 

80 

36 
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Fig,  5  Comparison  of  Exirion  1000  integrated  SIMS  profile  data  for  aluminum  and  chromium  at  various  stages  of  the  disc  area 

upgrade 


lime  fraction  can  be  simply  multiplied  by  the  solid 
angle  of  a  stationary  beam  at  the  full-overscan  position. 
The  results  can  be  tested  against  the  spillover-cup  ex¬ 
periment  The  model  predicted  a  reduction  of  451  ppm 


from  the  original  1071  ppm  measured  before  upgrade, 
to  give  a  nevv  result  of  620.  This  compares  to  the 
graphite  spdlover-cup  result  of  406  ppm.  Similarly.-  the 
value  calculated  for  the  reduced-overscan  case  implies  a 


Fig  6,  SIMS  profiles  for  disc  area  upgrades,  (a)  graphite  cover  ,spillover  cup  and  (b)  silicon-covered  disc  and  spillover  cup  with 

reduced  overscan  Note  that  different  scales  are  used  in  the  figures 
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Table  4 

Modelling  results  for  aluminum  sputtering  from  overscan  regions 


La^ge  beam  Small  beam 


Overscan 

Normal 

Reduced 

Normal 

Reduced 

inner 

outer 

inner 

outer 

inner 

outer 

inner 

outer 

Occupancy 
lime  [%J 

185 

.30  2 

168 

26  9 

152 

22  8 

Aluminum 

.sputtering 

Ippm) 

364 

451 

345 

420 

- 

370 

404 

reduction  of  420  pprti  and  a  correspondtng  result  of  651 
ppm. 

The  experimental  result  is  670  ppm  (m  good  agree¬ 
ment)  The  effect  of  beam  size  is  seen  to  be  in  the  5-10 
ppm  range  The  predicted  effect  of  the  silicon-coated 
disc  and  spillovei  cup  is  to  reduce  the  aluminum  to 
under  256  ppm  The  fact  that  the  results  went  down  to 
80  ppm  means  that  a  substantial  component  was  pro¬ 
duced  in  the  disc  region  between  the  wafers.  The  re¬ 
maining  areas  on  the  disc  which  are  not  coated  with 
silicon  are  the  thin  pads  surrounding  each  wafer  Future 
upgrades  are  planned  to  coat  these  parts  as  well  as 
attack  the  few  areas  of  the  beam  line  which  can  poten¬ 
tially  contribute 

It  IS  clear  that  work  is  needed  to  improve  the  base 
level  of  contamination  on  unimplanted  wafers  (and  its 
repeatability)  if  one  intends  to  reduce  the  contributions 
below  the  present  levels.  In  any  case,  dose  levels  of 
1  x  lO'^’  atoms/cm’  or  higher  are  required  in  order  to 
show  the  results  with  acceptable  precision 

5.  Conclusions 


The  Varian  Extrion  1000  ion  implantation  .system 
was  characterized  for  contamination  during  high-dose 


Fig  7  TXRF  spectrum  taken  after  BF,  implant  of  Ix’O" 
atoms/cnr  at  50  keV  The  electron  flood  was  turned  oi  at 
maximum  output  during  the  implant  The  position  exptcled 
for  tungsten  is  marked  but  no  peak  is  present 


implantation  by  aluminum  and  other  metals.  The  con¬ 
tamination  was  seen  to  be  maximized  for  high-do.se 
arsenic'  implants  and  was  reduced  by  a  factor  of  13  to 
the  80  ppm  implanted-dose  level  using  silicon  coatings 
for  the  disc  and  overscan  region  Molybdenum  con¬ 
tamination  was  visible  between  17  and  130  ppm  during 
BF;  implants  and  will  only  be  reduced  by  reduction  of 
the  molybdenum  content  of  the  ion  source.  Other  trace 
elements  were  seen  at  levels  between  1  and  1 33  ppm  for 
high-dose  arsenic  implants  after  covering  the  spillover 
cup  with  graphite  Further  gams  are  expected  when  the 
silicon-coated  disc  is  evaluated 

Continued  upgrades  will  depend  on  reduction  of 
unimplanted  wafer  contamination  and  improvement  of 
analytical  techniques  currently  available 
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Wafer  charging  during  high  current  implantation  ha.s  been  one  of  the  major  concerns  to  implanter  users  not  only  because  of 
eser-shnnking  device  structures,  but  especially  because  of  Ivso  to  three-fold  mceases  of  beam  currents  available  on  next-generation 
high  current  iinplanters  In  this  paper,  wafer  charging  on  the  Vanao  EXTRION  1000  was  .studied  under  various  beam,  electron  flood 
gun  and  vacuum  conditions  and  it  was  found  that  it  can  provide  a  much  belter  environment  in  terms  of  wafer  charging  control  than 
the  previous  generation  machines.  A  relatively  new  technique,  J  -t  le.st.  has  been  u.sed  to  measure  the  charge  to  breakdown  as  well  as 
the  traditional  breakdown  voltage  measurement  The  device  yields  from  the  tests  were  close  to  1(X)%  for  all  the  tested  device  wafers 
The  Csa  results  from  J  -/  tests  showed  goixl  correlation  with  flood/vacuum  conditions  and  pinpointed  the  best  operating  condition 
However  some  results  posed  difficulty  in  interpretation,  which  suggests  wafer  charging  is  a  very  complex  phenomenon 


I.  Introduction 

Since  the  introduction  of  a  new  generation  of  high 
current  ton  implanters  ('..2)  which  deliver  almost  twice 
as  much  beam  current  as  their  predecessors,  it  was 
commonly  believed  hat  wafer  charging,  which  has  been 
at  the  top  of  custome.'s  concerns,  might  be  bad  enough 
to  negate  the  advanttgc  of  the  higher  beam  current 
capabilities  of  the  new  machines  Despite  the  concern, 
our  experience  after  the  introduction  shows  that  the 
problem  on  the  new  machine  is  less  severe  than  for  its 
predecessor.  As  Current  et  al.  (3]  described  it,  it  could 
be  the  result  of  the  much  lower  charge  per  pa.s.s  due  to 
the  larger  disc  size,  higher  rotation  speed  and  larger 
beam  si^e  of  the  new  machines. 

One  of  the  problems  of  designing  and  evaluating  the 
new  machine  with  regard  to  wafer  charging  is  the  strong 
dependency  on  device  structure  [4]  which  makes  it  very 
difficult  to  draw  any  universal  conclusion  out  of  a 
single  test  on  a  single  device 

In  this  paper,  the  wafer  charging  behavior  of  the 
Varian  EXTRION  1000  high  current  ion  implanter  [I] 
V  studied,  using  the  VRC  (Varian  Research  Center) 
charging  test  wafer,  which  fi  ts  been  u.sed  al.so  on  a 
round  robin  test  [5]  of  the  major  implanter  manufac¬ 
turers  to  evaluate  and  compare  their  wafer  charging 
results.  It  IS  widely  recognized  throughout  the  industry 
as  one  of  the  reliable  standard  test  devices 

A  lot  of  effort  has  been  put  in  using  a  rather  new 
technique  of  J  -t  test  as  a  tool  for  diagno.sing  wafer 
charging  recently  in  our  company  It  is  being  accepted 
as  a  method  for  checking  oxide  integrity  [6]  and  it  is 


hoped  that  this  study  will  contribute  to  establish  it  as  a 
tool  for  wafer  charging. 

2.  Deseriptio'i  of  the  EXTRION  1000  electron  flwxl 
system 

The  Varian  EXTRION  1000  delivers  up  to  27  mA 
beam  current  of  As  and  P  (10  mA  for  B  and  BF^)  to 
wafers  mounted  on  a  mechanically  scanned  42  in  diam 
disc  rotating  at  1200  rpm.  For  the  purpose  of  dose 
uniformity  control  and  charging  control,  the  rotating 
disc  has  a  series  of  holes  for  proliling  the  beam  size  and 
kicating  the  centroid  [7)  in  the  slow  scan  direction, 
which  provide  valuable  information  to  help  reduce  the 
risk  of  wafer  charging 

An  electron  flood  system  is  located  in  the  Faraday 
housing  which  is  mounted  in  front  of  the  rotating  disc., 
of  which  details  are  shown  in  fig.  1  along  with  its 
control  diagram  for  emission  regulation  There  are  two 
primary  electron  gun.s,  one  on  each  side  of  the  ion  beam 
path,  and  together  they  deliver  up  to  500  mA  of  primary 
electrons  to  .secondary  electron  emitter  plates  which 
face  the  gun.s  obliquely  The  geometry  was  cho.sen  to 
confine  po.sitive  ions  from  residual  gas  ionization  close 
to  the  emitters  to  help  neutralize  the  huge  space  charge 
of  the  slow  secondary  electrons  for  efficient  electron 
tran.sport  Al.so  to  assist  the  transport,  there  is  a  provi¬ 
sion  for  gas  bleeding  into  the  Faraday  housing  to  be 
u.sed  if  necessary 

The  emi.ssion  regulation  .system  is  quite  similar  to  the 
one  u.sed  on  the  Varian  XP  series  high  current  machine 
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Fig  1.  Schematic  Diagram  of  the  EXTRION  1000  electron 
flood  system 


for  several  years  (8).  In  closed  loop  mode,  the  current 
flowing  between  the  di.sc'  and  Faraday  sy.stem  (referred 
to  as  disc  current)  is  measured  to  keep  the  current 
constant  by  adjusting  the  flood  emission.  In  open  loop 
mode,  the  primary  emi.ssion  current  is  kept  constant.  In 
the  F.XTRl  N  1000,  the  feedback  is  done  by  one  of  its 
branch  computers  'RDAC)  using  software  with  a  digital 
filtering  technique 


same  as  that  of  1C  for  lA  and  64  times  larger  for  2E 
This  gives  a  charge  multiplier  ratio  for  2E  of  9600  and 
150  for  lA. 

2.2.  Test  procedure 

The  dielectric"  breakdown  voltage  of  the  test  devices 
was  measured  by  recording  the  voltage  produced  when 
a  current  of  1  gA  was  forced  through  the  device.  The 
device  was  always  biased  in  accumulation,  which  means 
that  a  positive  voltage  was  applied  to  the  gate  since  the 
substrates  were  n-type  The  measurements  were  per¬ 
formed  on  a  computer-controlled,  automatic  probing 
station.  A  device  is  considered  failed  if  the  measured 
breakdown  voltage  is  lower  than  10  V.  Device  yield  is 
derived  by  dividing  the  number  of  failed  devices  by  the 
total  number  of  tested  devices. 

The  charge-to-breakdown  of  the  oxide  was 

measured  by  an  accelerated  test  called  "J-t  testing”  [9]. 
In  this  test,  the  forced  current  density  (7)  is  stepped  up 
by  a  factor  of  2.15  in  time  increments  (f)  of  5  s  .so  that 
the  average  device  under  test  will  break  down  within 
2-3  min.  This  test  time  is  much  shorter  than  that 
needed  to  make  a  !2hj  measurement  with  a  fixed  cur¬ 
rent  density.  During  a  J~t  te.st.  the  voltage  across  the 
device  under  te«i  is  measured  every  20  ms  until  the 
present  voltage  has  decreased  by  at  least  15%  from  the 
voltage  previously  measured.  This  is  defined  as  the 
breakdown  of  the  oxide.  The  integrated  J-t  product  is 
then  the  value,  or  the  amount  of  electric  charge 
conducted  by  the  capacitor  before  the  gate  oxide  breaks 
down, 

3.  Results 

Fig,  2  shows  the  device  yields  by  implants 

of  1  X  10'*'  cm^’  of  60  keV  As”^,  18.5  mA  and  fig.  .3 


2  I.  Description  of  test  devices 

The  test  devices  are  basically  thin-dielectric.  poly- 
silicon-gate  MOS  capacitors  usolated  by  thick  field  oxide 
The  thermal  gate  oxide  was  170  A  thick,-  while  the 
LPCVD  polysilicon  was  4000  A  thick  and  POCLi-doped 
to  give  a  sheet  resistance  of  about  20  i2/sq.  The  devices 
were  fabricated  on  150  mm  diam.  n-type  (100)  .silicon 
substrates.  The  wafers  were  not  exposed  to  any  cnarging 
processes  during  fabrication,  all  of  the  photoresist  re¬ 
moval  and  etching  were  done  with  wet  puicessing. 

Test  devices  IC,-  lA  and  2E  each  consist  of  a  large, 
square  field  capacitor  cc.mected  to  a  small,  rectangular 
gate  capacitor  (15  pm  x  10  pm)  [4],  Device  1C  has  no 
polysilicon  edges  on  gate  oxide,  while  the  field  capacitor 
is  150  pm  X  150  pm,  giving  a  charge  multiplier  ratio  of 
150.  Devices  lA  and  2E  have  two  poly.silicon  edges  on 
the  gate  oxide,  while  the  field  capacitor  areas  are  the 


Q  DEVICE  lA  [T]  DEVICE  2E 

Fig  2  Yields  of  VRC  device  2E  and  lA  for  60  keV  As*,-  18..S 
mA  lx  10'*’ cm  ^implants 
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NO  NO  DISC  DISC  DISC  I  ^  0 

IMPLANT  FLOOD  I  =>  0mA  l=.tmA  V/,'N2  BLEED 


I _  DEVICE  1A  rn  DEVICE2E 

Fig  3.  Breakdown  voltages  of  VRC  device  2E  and  lA  for  70 
keV  10  mA  5x  lO'^cm"  *  implants. 

shows  the  breakdown  voltages  after  implants  of  5  X  10'^ 
cm'"  of  70  keV  BF,*,,.  10  mA  for  test  devices  2E  and 
lA,  under  several  flood  condittons.  It  is  clearly  seen 
that  the  device  yields  are  very  good,  even  without  using 
the  flood  system.  Most  notably,  the  device  2E,  which 
has  been  known  to  be  the  most  sensitive,  survived  with 
surprising  yields 

The  benefit  of  the  electron  flood  system  is  very 
pronounced  in  measurements  shown  in  figs.  4  and 
5,  which  are  the  result  of  J-t  tests  on  device  1C  and  2E, 
respectively.  The  results  of  the  2E  device  in  fig.  5  show 
very  dramatic'  improvement  by  addition  of  electron 
flood  Vertical  bars  in  figs.  4  and  5  represent  standard 
deviations  of  the  distributions  around  mean  values.  It  is 
understood  that  the  amount  of  .shift  from  the  reference 


value  indicates  the  level  of  degradation  of  oxide  quality. 
Both  device  results  agree  that  the  case  with  80  mA  of 
constant  emission  with  a  small  amount  of  gas  bleed  is 
the  best  in  terms  of  mean  spread  of  the 

distribution,  although  the  difference  from  the  case  with 
closed  loop  with  zero  disc  current  is  small.  It  is  a  much 
lighter  use  of  flood  gun  than  the  closed  loop  case,  which 
was  known  to  be  close  to  the  best  condition  on  our  XP 
series  high-current  machine  [8],  This  difference  remains 
to  be  solved.  It  could  be  caused  by  the  difference  in 
scanning  schemes  in  the  two  machines,  one  uses  mecha-- 
nical  and  the  other  is  hybrid. 

Fig.  4  also  shows  the  documented  benefit  of  gas 
bleeding  [10]  for  charge-up  prevention.  To  be  noted, 
however,  is  that  a  very  small  pressure  increase  seems  to 
be  enough  for  this  purpose  in  the  EXTRION  1000, 
minimizing  the  risk  of  other  vacuum-related  contamina¬ 
tion  problems  [llj. 

To  see  the  effect  of  charge-per-pass.  one  implant  was 
done  with  600  rpm  of  disc  rotation,  which  is  a  half  of 
the  normal  1200  rpm,  keeping  other  implant  parameters 
the  same  The  result  is  shown  in  the  far  right  in  fig.  4, 
and  despite  our  prediction,  it  showed  very  little 
shift.  Other  values  like  breakdown  voltage  behaved  like¬ 
wise.  This  is  another  point  to  be  pursued  later,  but  it 
shows  that  wafer  charging  is  a  more  complex  phenome¬ 
non  than  commonly  thought. 


4.  Discussion 

The  results  from  this  study  suggest  that  wafer  charg¬ 
ing  in  the  Vanan  EXTRION  1000  is  much  more  mod¬ 
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erate  than  expected  from  its  high  beam  currents,  and 
the  electron  flood  system  functioned  efficiently  to 
eliminate  the  problem.  Because  of  the  large  disc,  fast 
rotation  and  larger  beam  size,  the  amount  of  charge  per 
pass  IS  very  low.  27  mA  of  3-in.  high  (in  slow  .scan 
direction)  beam  gives  only  64x10  ’  C/cm’ pass.  A 
good  correlation  between  charge  per  pass  and  device 
yield  was  reported  [.^]  before,  but  one  result  from  this 
study,  the  600  rpm  run,  did  not  support  the  view,-  and 
this  should  therefore  be  pursued  later. 

Results  from  the  J-t  tests  showed  great  sen.sitivity, 
especially  on  device  2E,  to  a  small  change  of  the  en¬ 
vironment  to  which  the  wafers  are  exposed  during  im¬ 
plant.  As  reported  before  [4],  most  of  the  results  showed 
positive  shifts,  which  are  sometimes  interpreted  as 
the  result  of  positive  charging  during  the  implant.  The 
results  from  device  1C  seem  to  support  the  interpreta¬ 
tion  except  for  the  600  rpm  case,  however  the  results 
from  2E  give  some  difficulty  to  it,  which  could  be  due 
to  ihe  exposed  gate  oxide  in  2E., 

From  the  charge  per  pass  and  of  the  reference 
device  which  is  about  25  C/cm’,  we  can  derive  the 
number  of  passes  for  the  device  to  fail  by  gha  Consid¬ 
ering  the  charge  multiplier  ratio,  it  is  about  400  passes 
for  2E  and  about  26000  passes  for  1C,  which  translate 
to  18  s  and  22  min.  respectively,  of  continuous  exposure 
to  beam  without  scanning.  We  can  conclude  that  for  2E 
it  is  very  possible  to  fail  by  (2bd’'  may  not  be 

the  case  as  scanning  reduces  the  actual  beam  exposure. 

Since  the  use  of  the  J-i  test  as  a  diagnostic  tool  for 
wafer  charging  during  implant  is  rather  new,  several 
interesting  but  myste.ious  things  were  observed.  For 
example,  a  change  of  by  implant  is  interpreted  as  a 


result  of  increased  number  of  traps,  that  means  a  change 
of  only  1  C/cm’  in  corresponds  to  an  increase  of 
the  number  of  traps  by  6  x  10"*  cm”’,,  which  seems  to 
be  an  extraordinary  large  number.  In  fact.  Solomon  [12] 
studied  electron  trapping  m  thin  oxide  after  forced 
Fowler-Nordheim  tunneling  by  a  high  electric  field,  but 
he  reported  a  trap  density  of  only  about  10'’  cm”’, 
which  IS  SIX  orders  le.ss  than  the  above  number.  This 
suggests  that  there  might  be  factors  governing  the  ghd 
shift  other  than  pure  electrical  stress,  but  so  far  we  have 
not  come  up  with  a  good  answer. 


5.  Summary 

Wafer  charging  under  .several  flood  conditions  was 
tested  on  Vanan  EXTRION  1000  high  current  im- 
planter  using  VRC  charging  test  devices.  The  results 
suggest  that  wafer  charging  under  the  test  conditions 
was  very  small  and  that  the  electron  flood  system  func¬ 
tioned  very  efficiently  to  eliminate  the  problem.  Device 
yields  by  were  too  good  to  show  the  effects  of  flood 
and  vacuum  even  without  using  flood  on  the  most 
.sensitive  structure  used  in  this  test. 

J-i  tests  showed  very  good  sensitivity  to  small 
changes  of  flood  and  vacuum  conditions  and  the  results 
behaved  as  predicted,  except  for  one  ca.se  with  no  flood, 
no  gas  bleed  and  reduced  rpm  of  the  disc,  which  showed 
almost  no  sign  of  charging. 

The  results  from  this  study  posed  several  interesting 
questions,  for  example,  whether  the  shift  of  0(,d 
the  polarity  of  wafer  charging,  why  the  shift  of 
so  large,  etc.,  which  will  help  to  deepen  understanding 
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of  the  basic  mechanism  behind  this  complex  phenome¬ 
non,  wafer  charging. 


References 

[1)  R  B.  Liebert.  A  Delforge,  R.  Hertel,  H.  Lulsdorf,  E. 
Mears  and  S  Satoh,  Nucl  Insir.  and  Meth  B37/38 
(1989)  533 

[2)  M  T  VVauk  and  A  D.  Gile.s,  Nucl,  Instr.  and  Meth.  B37/38 
(1989)442. 

[3)  M.l  Current,  A.  Bhattacharyya  and  M  Khid,  Nucl  Instr 
and  Meth.  B37/38  (1989)  555. 

[4)  S  B  Felch,  V  K,  Basra  and  C.M  McKenna,  IEEE  Trans. 
Electron  Devices  ED-35  (1988)  2338 

[5)  S.B  Fetch,  L.A  Larson,  M  I  Current  and  D.W.  Lindsey,. 
Nucl.  Instr  and  Meth  637^38  (1989)  563 


[6]  D  R.  Wolters  and  J  J  van  der  School,  Philips  J  Res.  40 
(1985) 115 

(7)  R  B.  Liebert,  S  Satoh,  A.  Delforge  and  E  Evans,  Nucl. 
Inst,  and  Meth.  B37/38  (1989)  464 

[8]  S  Mehta,  R.F.  Outcault.  C.M.  McKenna  and  A 
Heinonen,  these  Proceedings  (8th  Int.  Conf.  on  Ion  Im¬ 
plantation  Technology,  Guildford,  UK,  1990)  Nucl  Instr 
and  Meth  655  (1991)  457 

(9)  S.B.  Felch.  S  Mehta.  S  Kikuchi  and  S.  Kitahara,  ibid.,  p 
82. 

(10]  M.E.  Mack,  Nucl.  Instr  and  Meth  B37/38  (1989)  472 

(11]  D  F  Downey  and  R  Liebert,  these  Proceedings  (8th  Int. 
Conf.  on  Ion  Implantation  Technology,  Guildford,  UK, 
1990)  Nucl  Instr  and  Meth.  B55  (1991)  49 

(12]  P.  Solomon.  J.  Appl  Phys.  48  (1977)  3843 


II.  REAL  TIME  PROCESSING 


82 


Nuclear  Instruments  and  Methods  in  Physics  Research  B55  (1991)  82-85 

North-Holland 


Device  charge- to-breakdown  studies  on  a  high-current  implanter 

S.B.  Felch 

Varton  Reseanh  Center.  611  Hansen  Palo  Alto,  CA  *^4J0S.  USA 


S.  Mehta 

I'ariun  Ion  Implant  S\tiems.  Blackhurn  Industrial  Park.  Gloucester.  MA  01*1.10.  USA 


S.  Kikuchi  and  S.  Kitahara 

Tok\o  Lleetron  Limited,  Kyushu.  Japan 


Wafer  charging  studies  on  a  high-current  ion  implanter  were  performed  using  charge-sens  live  MOS  structures  with  various  charge 
multiplier  ratios  Charge-to-hreakdown  measurements  were  made,  both  before  and  after  implantation,  to  characterize  the  charging 
damage.  The  shifts  observed  in  these  measurements  yielded  information  about  the  magnitude  and  polarity  of  the  charge  induced  in 
the  oxide  during  the  implant  Such  shifts  have  been  correlated  to  the  various  implant  parameters  and  electron  flood  conditions 
chosen  for  this  study  For  an  the  implants,  a  real-time  monitoring  of  the  di.sk  current  and  the  potential  developed  on  each  wafer  wa> 
also  made  The  relationship  between  these  parametC4s  and  the  observed  shifts  in  charge-to-breakdown  will  be  discussed 


I.  Introduction 

Ion  implantation  is  one  of  the  many  prcKcsses  used 
to  fabricate  today’s  semiconductor  )  '  ices  that  involve 
charged  particles,  since  it  relies  on  the  transport  s>f 
positive  ions  into  the  target  semiconductor  wafer.  Un¬ 
fortunately..  advanced  devices  with  shrinking  gate  oxide 
thicknes.ses  and  lateral  dimensions  are  quite  susceptible 
to  charging  damage  and  resulting  yield  lo.ss.  In  addition, 
high  ion  beam  currents,  which  increase  wafer  through¬ 
put  for  high-dose  implants,  exacerbate  charging  prob¬ 
lems.  In  order  to  prevent  surface  charge  butld-up.  most 
high-current  implanters  are  equipped  with  electron  flood 
systems  which  supply  a  steady  flow  of  low-energy  elec¬ 
trons  to  the  wafer. 

The  effectiveness  of  electron  flood  .systems  is  usually 
studied  with  charge-sen.sitive  MOS  test  structures  Typi-- 
cally.  damage  to  the  test  structure  is  characterized  by  a 
change  tn  the  breakdown  voltage  of  the  thin  dielectric 
in  the  device.  Ho  vever,  the  charge-to-breakdown  (^bd* 
of  the  thin  dielectric'  has  been  considered  to  be  a  more 
.sensitive  parameter  [1],  which  additionally  gives  infor¬ 
mation  on  the  polarity  of  the  charging  proce.ss.  In  this 
paper,  charge-to-breakdown  data  will  be  presented  to 
illustrate  the  charge  neutralization  capability  of  a  new 
experimental  electron  flood  technique  under  develop¬ 
ment  in  a  Varian  XP  high-current  implanter. 


2.  Experiment 

All  of  the  charging  tests  reported  here  were  run  on  a 
Varian  160XP  high-current  ion  implanter  A  new  tech¬ 
nique  for  charge  neutralization,  which  is  currently  under 
development.,  was  examined.  This  study  was  part  of  a 
program  to  evaluate  several  new  techniques  [2]  for  gen¬ 
erating  low-energy,  charge-neutralizing  electrons  in  the 
Faraday  area,  independent  of  changing  conditions  in 
the  Faraday  Details  of  this  system  v'lll  be  published  at 
a  later  date  when  the  system  is  developed  and  qualified 
as  a  product.  During  each  implant,,  real-time  monitoring 
of  the  net  disk  current  and  of  the  charge  developed  on 
each  wafer  was  made.  Unfortunately.,  the  charge  moni¬ 
tor  was  located  180°  away  from  the  test  wafer  on  the 
disk,  .so  Its  signal  was  too  small  to  give  sensitivity  to  any 
of  the  implant  conditions  studied  [3). 

The  test  structures  used  were  state-of-the-art.  MOS 
devices  fabricated  on  150  mm  diameter  silicon  sub¬ 
strates  with  a  250  A  thick  gate  oxide  fSiO,)  Two 
devices  with  different  charge  multiplier  ratios  W'ere 
studied.  One  had  a  charge  multiplier  ratio  of  100000 
and  a  gate  oxide  area  of  about  25  gm^,  the  other  had  a 
charge  multiplier  ratio  of  1000  and  a  gate  oxide  area  of 
about  7500  gm^. 

The  charge-to-breakdown  of  the  oxide  was  measured 
by  an  accelerated  test  called  "J-i  testing"  [4],  In  this 
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test,  the  forced  current  density  (7)  is  stepped  up  by  a 
factor  of  2.15  in  time  increments  (/)  of  5  s  so  that  the 
average  device  under  test  v.'ill  break  down  within  2-3 
min.  This  test  time  is  much  shorter  than  that  needed  to 
make  a  measurement  with  a  fixed  current  density. 
During  a  J-t  test,  the  voltage  across  the  device  under 
lest  IS  measured  every  20  ms  until  the  present  voltage 
has  decreased  by  at  least  15%  from  the  voltage  previ-- 
ously  measured  -  this  is  defined  as  the  breakdown  of 
the  oxide.  The  integrated  J-t  product  is  then  the 
charge-to-breakdown,  or  the  amount  of  electric  charge 
conducted  by  the  capacitor  before  the  gate  oxide  breaks 
down 


3.  Re.sults  and  discussion 

Charge-to-breakdown  data  is  often  displayed  as  a 
cumulative  percent  failure  distribution  [4J  Fig.  1  is  an 
example  of  such  plots  for  the  two  different  devices  on  a 
wafer  implanted  with  80  keV  As"^  ions  to  a  dose  of 
3  X  10'“'  cm*  with  no  electron  flooding.  The  T-axis  of 
the  plot  gives  the  calculated  percentage  of  all  tested 
devices  that  failed  at  a  value  equal  to  or  less  than  the 
given  value  on  the  A'-axis,  which  is  the  charge-to- 
breakdown  in  C/cm*.  The  actual  number  of  failures  can 
easily  be  calculated  by  knowing  the  total  number  of 
devices  that  were  tested. 

Both  test  structures  shown  in  fig.  1  had  a  larger 
charge-to-breakdown  after  implant  than  before  This 
can  be  seen  by  the  positions  of  the  after-implant  curves 
to  the  right  of  the  before-implant  curves  The  amount  of 
this  shift  for  the  structure  with  the  larger  gate  oxide 
area  (a)  is  much  greater  than  that  for  the  structure  with 


the  smaller  gate  oxide  area  (b).  A  process  that  produces 
a  constant  defect  density  would  give  thii.  result,  since 
the  larger  area  would  have  a  larger  number  of  defects.  A 
so-called  “positive”  shift  in  the  curve,  like  these,  is 
indicative  of  positive  charging  caused  by  the  implant. 
Positive  charging  will  induce  positively  chaiged  traps  in 
the  oxide,  which  will  lead  to  a  higher  charge-to-break¬ 
down  when  the  current  stress  measurement  is  made  [5]. 
The  observation  of  positive  charging  is  also  consistent 
with  the  implant  condition  of  no  electron  flooding. 

The  relationship  between  implant  condition  and  the 
direction  of  the  shift  in  the  curve  is  illustrated 
further  in  fig.  2.  The  three  wafers  whose  data  are  shown 
were  also  implanted  with  As”^  ions  under  the  same 
implant  conditions  as  above.  The  results  are  those  for 
the  test  structure  with  the  smaller  gate  oxide  area.  Plot 
2a  is  identical  to  fig.  lb  and  displays  the  results  for  the 
wafer  implanted  with  the  electron  flood  off.  A  positive 
shift  in  the  curve  is  observed,  which  agrees  with 
the  positive  charging  expected  with  no  flood  and  the 
measured  net  disk  cirrent  of  about  -1-8.5  mA.  Data  for 
the  wafer  implanted  with  a  medium  flood  condition  is 
presented  in  fig  ?b  This  graph  shows  almost  no  shift  in 
the  curve,  suggesting  no  charging  during  the  im¬ 
plant  The  net  disk  current  for  this  implant  was  about 
-1-2  mA.  Fig.  2c  gives  the  results  for  the  wafer  im¬ 
planted  with  a  high  flood  condition.  Here  a  negative 
shift  in  the  curve  occurred,  which  implies  that 
negative  charging  or  overflnoding  took  place.  Again, 
this  observation  agrees  with  the  flooding  condition, 
even  though  the  net  disk  current  was  about  -t- 1  mA 

Table  1  summarizes  the  data  presented  in  fig.  2  plus 
the  data  from  wafers  implanted  with  30  keV  and  40 
keV  BF,^  under  medium  flood  conditions.  All  of  the 
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Fig.  1  Cumulative  percenl  failure  distributions  for  devices  of  larger  (a)  and  smaller  (b)  gate  oxide  area  on  a  wafer  implanted  with 

As'^  ions  with  no  electron  flooding 
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Fig  2  Cumulative  percent  failure  distributions  for  devices  of  smaller  gate  area  on  wafers  implanted  with  As*  ions  with  (a)  no 
electron  flooding,  (b)  a  medium  flood  condition,  and  (c)  a  high  flood  condition  The  direction  of  the  shift  in  each  plot  agrees  with  the 

expected  polantv  of  the  charging  process 


Table  1 

Difference  in  median  charge-to-breakdown  before  and  after 
implant 


liiipldiil  i.undition 

Shift  in  median  Qf,[j 
(C/cm^i 

As*',  no  flood 

+  0  33 

As*,  medium  flood 

+  0  05 

As  *,  high  flood 

-0.38 

BFj* ,  medium  flood 

+  001 

S'*,  medium  flood 

+  0  99 

doses  were  3  X  lO'^  cm^.  and  the  results  are  for  the 
structure  with  the  smaller  gale  oxide  area.  The  dif¬ 
ference  between  the  median  charge-to-breakdown  (the 
value  on  the  -V  axis  corre,sponding  to  on  the 
T-axis)  before  and  after  implant  is  tabulated  for  each 
implanted  wafer.  The  As"*  results  are  the  same  as  tho,se 
desenbed  above.  The  wafer  implanted  with  no  flood 
showed  a  positive  shift  and  positive  charging;  the  one 
implanted  with  medium  flood  had  almost  zero  shift  and 
no  charging;  the  wafer  implanted  with  high  flood 
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Table  2 

Difference  in  10%  Cbd 

points  before  and  after  implant 

Implant  condition 

Shift  in  10%  points 

[C/cWl 

As  no  flood 

-2,06 

,As  *■,  medium  flood 

+  0  73 

As  high  flor  ' 

-3,69 

suffered  a  negative  shift  and  overflooding.  Clearly,  the 
medium  flood  condition  is  optimal. 

A  comparison  of  the  B  and  BFj*  results  is  also 
interesting  The  B '^-implanted  wafer  displayed  a  large 
oositive  shift  (  +  0.99),  indicating  positive  charging.  The 
r  t  disk  current  for  this  implant  v.as  about  -1  mA. 
However,  the  BF,*  wafer  had  almost  zero  shift  (  +  0.01), 
implyi.ig  no  charging  and  agreeing  with  the  net  disk 
current  of  about  0  inA.  This  phenomenon  can  be  ex¬ 
plained  by  the  different  beam  spot  sizes  for  the  two  ion 
species.  The  B"  ion  beam  is  tightly  focused  and  results 
in  a  high  charge  density  on  the  wafer.  On  the  '-.ner 
'land,  the  B.^s*  ion  beam  is  much  broader,  givi  .g  a 
low'cr  charge  density  and  less  device  damage  [6) 

Table  2  pi  ...enl'.  the  di'ference  in  the  10^  points  on 
the  cumulative  percent  failure  distributions  between  the 
before-implant  data  and  the  after-implant  data  for  the 
three  >»'afers.  This  difference  gives  an  indication  of 
the  numbci  of  test  devices  that  catastrophically  failed, 
or  suffered  dielectric  breakdown  during  the  implant. 
The  wafer  implanted  with  medium  floixl  displayed  a 
positive  difference  in  the  10%  points,  meaning  that  the 
10%  value  after  implant  was  greater  than  the 

before-implani  value  This  implies  that  very  little  charg-- 
ing  damage  occurred  and  that  a  near-optimal  electron 
flixid  condition  was  u.scd.  In  contrast,  the  two  wafers 
implanted  with  no  flood  and  high  flood  .showed  large, 
negative  differences  in  the  10%  pomts  (the  value  afte'' 
implant  is  smaller)  These  wafers  had  serious  dielectric 
damage  from  the  implant  and  reprc.sent  undesirable 
flooding  conditions. 


4.  Conclusions 

The  ability  of  a  new  electron  flood  technique  to 
provide  optimal  charge  neutralization  has  been  demon¬ 


strated  on  charge-sensitive  MOS  structures  under  a 
variety  of  implant  conditions.  More  work  is  currently  in 
progress  to  qualify  this  technique  as  a  production¬ 
worthy  system.  In  addition,  this  study  has  shown  the 
usefulness  of  dielectric  charge-to-breakdown  as  a  mea¬ 
surement  parameter  for  device  damage,  especially  since 
it  also  gives  information  on  the  polarity  of  the  charging 
process 
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One  solution  for  the  problems  of  the  local  temperature  increase  and  the  charge-up  of  a  wafer  during  high  current  ion  implantation 
IS  to  decrease  the  beam  current  density  while  maintaining  the  total  beam  current  necessary  on  the  wafer.  To  solve  these  problems,  a 
method,  that  maintains  the  beam  spatial  profile  on  a  wafer  by  controlling  the  normalized  perveance  and  the  pole  face  angle  of  the 
analyzing  magnet  for  various  beam  currents,  has  been  developed  experimentally  As  a  result,  under  the  experimental  conditions  of  1 
to  8  mA  of  35  keV  As^,  the  beam  uniformity,  defined  as  (average  current  den3ity]/[maximum  current  density],  became  more  than  0.2 
and  the  beam  profile  on  the  wafer  was  maintained  by  using  a  suitable  value  of  the  perveance 


1.  Introduction 

The  local  temperature  increase  and  charge-up  of  a 
wafer  caused  by  a  high  current  ion  beam  can  degrade 
the  performance  of  ion  implantation  system.s.  Lower 
beam  current  density  implantation  is  one  solution.  Re¬ 
cently  a  new  methodology  has  been  developed  to  con¬ 
trol  the  spatial  profile  of  the  ion  beam  current  density. 
This  has  been  applied  to  the  Nissin  high  current  ion 
implantation  system  (PR-80A  [1])  This  paper  describes 
the  experimental  procedure,  results  from  the  use  of  this 
new  method  and  its  application  to  high  current  ion 
implantation 


Therefore,  the  value  of  the  normalized  perveance  can  be 
adjusted  by  varing  the  extraetton  current  and  the  gap 
width. 

2.2.  Pole  face  angle 

One  way  of  shaping  the  spatial  profile  of  the  beam  is 
to  make  use  of  the  fringing  field  of  the  entrance  or  the 
exit  pole  face  of  the  analyzing  magnet  [3].  In  the  PR-80A 
system,  the  entrance  pole  face  angle  of  the  analyzing 
magnet  is  denoted  by  a  and  the  exit  pole  face  angle  is 
denoted  by  as  shown  in  fig,  1.  In  the  experiments,  the 
P  dependence  was  investigated  thoroughly. 


2.  Experimental  parameters 

2  I  Normalized  perveance 

In  all  ion  beam  systems  the  perveance  is  a  parameter 
that  indicates  the  status  of  the  extracted  ion  beams.  The 
effects  of  the  space  charge  downstream  of  the  beam 
extraction  electrodes  are  characterized  by  the  potssance 
U  =  where  /„,  is  the  extraction  current  and 

V  IS  the  extraction  voltage.  The  perveance,  defined  by 
the  Child-Langmuir  equation  for  the  one-dimensional 
parallel  plate  model,  is  P^.  =  (4«o/9)(2e/A/)'^^(/l/rf^), 
where  d^  ii  the  gap  width  of  the  extraction  electrodes, 
A  IS  the  ar;a  of  the  slit  of  the  plasma  electrode  and  the 
jiiitr  notations  are  as  defined  in  ref.  [2],  We  define  the 
effective  gap  width  d^{  =  dQ  +  i)  as  where  t  is  the 
thickness  of  the  extraction  electrode.  The  normalized 
perveance  is  one  of  the  important  beam  optics  matching 
parameters  to  control  the  spatial  profile  and  is  char¬ 
acterized  by  Pn  ”  When  an  ion  species  and  a 

beam  energy  are  fixed,  the  normalized  perveance  is 
expressed  by  P^  =  N{l„f/d^),  where  is  a  constant. 


2  3  Beam  uniformity 

The  spatial  profile  of  the  beam  at  the  target  is 
equivalent  to  the  transverse  current  density  profile  of 
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Fig.  1.  Schematic  of  the  beam  line  of  the  PR-80A  system 
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the  ion  beam  at  the  target.  The  beam  uniformity  is 
defined  as.  .'n  = /wry-^MAx-  where  /^ve  .^max  are 
the  average  and  the  maxmum  beam  current  densities, 
respectively,  within  an  area  of  70  mm  (width  IV)  x  190 
mm  (height  //)'  on  the  target.  The  criterion  adopted  was 
that  Jf^  >  0.2. 


3.  Apparatus 

Some  representive  elements  of  the  beam  optics  of 
PR-80A  are  shown  in  fig.  1.  The  ion  beam  from  a 
Freeman  type  ion  source  is  extracted  from  a  slit  with 
dimensions  2  mm  (W)  and  60  mm  (H).  Typical  beam 
currents  on  target  are  1  to  8  mA  of  35-50  keV  As'*^  and 
1  to  3  mA  of  30-50  keV  B^.  The  analyzing  magnet  has 
an  optical  radius  of  500  mm  and  a  90°  bending  angle. 
The  entrance  pole  face  angle  (a)  is  normally  set  to 
+  20°  and  the  exit  pole  face  angle  (fi)  to  0°..  In  the 
beam  line,  there  is  an  analyzing  slit  of  18  mm  ( Ik')  X  110 
mm  (W)  and.  also,  a  shaping  slit  of  24  mm  HV)x  110 
mm  (H).  The  distance  between  the  ion  souce  and  the 


Fig.  2  As*  beam  spatial  profiles  on  target  showing  the 
dependence. 


Fig  3.  B*  beam  spatial  profiles  on  target  showing  the  Fn 
dependence 


entrance  of  the  analyzing  magnet  and  between  the  exit 
of  the  analyzing  magnet  and  the  target  are  500  mm  and 
1050  mm.  respectively.  The  beam  trajectories  have  one 
focal  point  in  the  x  (horizontal)  plane  between  the 
analyzing  magnet  and  the  target.  The  beam  (spatial) 
profile  monitor.  “BPM’Vis  installed  behind  the  disk,  as 
shown  in  fig.  1. 


4.  Results 

4.J.  Control  of  the  spatial  profile 

Spatial  profiles  of  beams  of  35  keV'  As^  and  30  keV 
B^  in  the  plane  of  the  target  are  shown  m  fig.  2  and  fig. 
3.  respectively.  The  following  conclusions  can  be  drawn: 

-  Both  As’*^  and  B^  beams  have  similar  profiles  for  a 
given  value  of  P^. 

-  When  Pfi  IS  smaller  than  0.6,  the  spatial  profile 
becomes  broad,  and  it  becomes  narrower  when  P^^  is 
changed  to  larger  values. 
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Fig  4  (a)  C'onlours  of  the  beam  current  on  target,  and  (b)  contours  of  the  beam  uniformity  on  target  The  ion  beam  is  As 


1 


i 


-  When  A’n  between  0.6  and  0  8,  the  spattal  profile 
has  a  single  maximum  (peak)  and  the  current  density 
IS  a  maximum.  With  increasing  the  spatial  pro¬ 
file  becomes  a  trapezoid. 

-  For  Pf^  larger  than  0.8,  the  beam  diverges  and  when 
Fn  =  I  0  tbe  profile  has  two  maxima  (“two-peak 
distribution”) 

The  relationship  between  the  beam  uniformity.  7^,..  and 
and  the  target  beam  current,  Z^,-  is  shown  in  fig.  4. 
From  fig.  4.  one  can  choose  the  parameters  to  give  the 
optimum  beam  current  and  uniformity.  For  example, 
for  an  As^  beam  with  /h  =  8  mA  and  7^,  >  0.2,  values 
of  =  16  mm  and  /j„  =  16  mA  should  be  selected. 

4.2  Determination  of  P 

The  focussing  of  the  fringing  field  on  the  exit  side  of 
the  analyzing  magnet  was  investigated  by  studying  the 
dependence  of  the  beam  transport  efficiency  and  the 
spatial  profile  upon  the  parameter  p.  Typical  experi-- 
mental  data  are  shown  in  fig.  5  from  which  it  can  be 
deduced  that  the  optimum  values  of  P  are  —30“  for  35 
kcV  As*  and  —20“  for  30  keV  B‘. 


5.  Conclusions 

The  spatial  profile  of  the  beam  on  the  target  is 
determined  and  controlled  by  the  normalized  perveance 
(Pfj)-  's  possible  because  the  spatial  profile  of  the 


Fig  5.  Beam  spatial  profile  on  target  showing  the  P  depen^ 
dence:  (a)  35  keV  As*,  and  (b)  30  keV  B*. 
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extracted  beam  can  be  maintained  during  transport 
through  the  analyzing  magnet  and  the  slits.  Therefore, 
by  setting  which  is  achieved  by  setting  the  extrac¬ 
tion  current  and  the  gap  width,  one  can  reduce  the 
beam  current  density  on  the  target  and  yet  still  trans¬ 
port  the  required  high  beam  current.  This  is  an  effective 
method  of  suppressing  the  local  temperature  increase 
and  charge-up  on  a  wafer. 
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A  high-resolution  beam  profile  measuring  system  (BPM)  has  been  developed  to  analyze  the  correlation  between  charging  damage 
and  the  ion  beam  profile  for  high-current  ion  implanters  With  the  increase  of  the  ion  beam  current,  insulators  such  as  thin  oxide 
layers  of  VLSI  devices  are  subject  to  charging  damage  dunng  ion  implantation.  To  obtain  accurate  information  on  the  local  current 
density  of  the  ion  beam,  125  Faraday  cups  are  placed  in  the  BPM.  This  system  has  two  measuring  modes  One  is  a  topographic  mode 
that  can  detect  the  ion  beam  current  density  of  12500  sampling  points  in  30  s.  A  high-resolution  contour  map  of  the  current  density 
distnbution  is  displayed  on  a  CRT.  The  other  is  a  real-time  mode  in  which  the  current  density  distribution  (125  sampling  points)  of 
the  ion  beam  can  be  monitored  every  half  second  on  thi  CRT  In  this  mode,  fine  adjustment  of  the  ion  beam  profile  is  easily  po.ssible 
by  visual  control  The  charging  damage  of  insulating  layers  in  the  TEG  (test  element  group)  to  the  beam  profile  was  investigated 
using  this  newly  developed  BPM  It  has  been  proven  that  the  damage  probability  increases  rapidly  above  some  threshold  level  of  the 
beam  current  density  It  is  confirmed  'ha'  for  high-current  implantation  a  uniform  current  density  distribution  of  the  ion  beam  is 
very  effective  to  prevent  charging  damage  It  is  concluded  that  this  measuring  .system  is  valuable  not  onlv  for  quick  analysis  of 
damage  phenomena,  but  also  for  evaluating  machine  perlormanee 


1.  Introduction 

With  the  increasing  integration  of  VLSI  devices,  the 
gate  area  and  the  thickness  of  the  oxide  layer  decrease 
in  size,  and  dielectric  breakdown  of  the  gate  oxide  by 
charging  due  to  high-current  ion  implantation  has  be¬ 
come  a  serious  problem  Several  experimental  investiga¬ 
tions  have  been  performed,  for  example  on  the  depen¬ 
dence  of  the  breakdown  yield  on  ion  oeam  conditions, 
the  construction  of  end  stations  and  device  structures 
[1-3]  There  are  some  reports  where  dielectric  break¬ 
down  decreases  the  yield  if  the  ion  beam  current  is 
increased  or  the  beam  width  is  reduced  To  reduce 
damage  from  excessive  surface  charge  buildup  in  a 
high-current  implanter,  the  amount  of  total  charge  de¬ 
livered  to  a  wafer  during  a  single  pass  in  the  ion  beam. 
Qpp,  is  a  very  important  parameter  [1],  In  a  rotational 
disk  scan  system,  is  given  by: 

2pp  - 

where  /  is  the  ion  beam  current,  c  is  the  wafer  velocity 
along  the  fast-scan  direction  and  R  is  the  ion  beam 
width  along  the  radial  direction  of  the  rotational  disk. 

To  analyze  the  effect  of  the  ion  beam  profile  on 
charging  damage,  a  high-resolution  beam  profile  mea¬ 
suring  system  (BPM)  has  been  developed  and  the  charg- 
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mg  damage  of  MOS  transistors  on  TLG  wafers  was 
investigated  using  this  BPM. 

2.  Beam  profile  measuring  system 

A  .schematic'  diagram  ol  the  newly  developed  mea¬ 
suring  system  is  shown  in  fig.  1  It  is  constructed  with  a 
sensing  head,  an  X-Y  table,  current-to-voltage  con¬ 
verters,  multiplexers,  an  isolated-amplifier,  an  analog- 
to-digital  converter  and  a  computer.  We  developed  two 
types  of  high-resolution  beam  profile  measuring  systems 
(BPM)  for  different  commercial  high-current  ion  im- 
planteis.  The  BPM  A  is  attached  to  a  side  wall  of  an 
end  station  of  the  implanter,  and  the  ion  beam  density 
is  detected  by  61  Faraday  cups  (13  x  5  array  except  for 
corners).  The  BPM  B,  shown  in  fig.  2  is  attached  to  a 
head  lining  of  an  end  station,  and  has  125  Faraday  cups 
(19x7  array  except  for  corners).  The  sensing  head, 
which  IS  a  part  of  a  Faraday  cup  to  detect  the  total 
beam  current,  consists  of  beam  collectors  placed  on  an 
insulating  plate  at  intervals  of  1  cm  in  a  square  lattice 
arrangement,  a  carbon  plate  with  entrance  apertures  of 
1  mm  diameter,  and  a  secondary  electron  suppression 
plate  (-200  V),  and  is  cooled  to  avoid  the  increase  of 
its  temperature  caused  by  the  irradiation  by  the  ion 
beam. 

(North-Holland) 
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Fig.  1.  Schematic  diagram  of  the  high-resolution  beam  profile 
measuring  system. 


The  current  from  each  cup  is  serially  detected  by 
multiplexers,  and  is  displayed  graphically  on  a  CRT  at 
intervals  of  half  a  second  (real-time  mode).  The  current 
of  each  cup  can  be  detected  up  to  50  p  A  (6.4  mA/cm^ 
on  the  BPM)  wtth  accuracy  of  0.5%.  In  this  mode,  the 
ion  beam  profile  can  be  adjusted  visually. 

To  obtain  accurate  and  rapid  information  on  the 
local  ion  beam  current  density,  the  sensing  head  moves 
by  an  X-Y  table  at  intervals  of  1  mm  over  a  10 
mm  X  10  mm  area  measuring  the  current  at  each  inter¬ 
val  (topographic  mode).  The  vacuum  pressure  of  the 


Fig  3.  Ion  beam  current  density  distribution  measured  by  the 
BPM  B:  (a)  contour  map;  (h)  distribution  of  charge  per  pass. 
The  velocity  of  rotation  was  300  rpm. 


end  station  is  kept  at  less  than  lO""*  Pa  (-  10'*’  Torr) 
by  a  bellows  sealing. 

In  the  case  of  the  BPM  B.  the  density  at  12500 
sampling  points  is  detected  and  is  stored  in  disk  mem¬ 
ories.  A  high-resolution  contour  map  of  the  current 
density  distribution  is  displayed  on  the  CRT,,  typically 
within  10  s  (drawing  5  lines)  as  shown  in  fig.  3.  The 
lowest  level  and  the  interval  of  the  contour  map  can  be 
arbitrarily  selected. 

In  other  modes  of  data  processing  a  honzontal  sec¬ 
tion,  a  vertical  section,  an  integrated  view  along  the  X 
or  y  axis  and  a  density  distribution  of  charge  delivered 
per  pass  of  the  wafer  through  the  ion  beam,  as  shown  in 
fig.  3b,  are  displayed.  The  detailed  performance  of  each 
BPM  IS  listed  in  table  1. 


Table  1 

Comparison  of  beam  profile  measuring  systems 


Parameter 

BPM  A 

BPM  B 

Area  of  measurement  [mm  x  mm] 

50X130 

70x190 

Diameter  of  aperture  (mmj 

1 

1 

Number  of  sampling  points 

61x100 

125x100 

Maximum  Range  [mA/cm^] 

6.4 

6,4  (Q.64) 

Accuracy  [%] 

0.5 

0.5 

Area  of  X-Y  table  [mmxmm] 

10x10 

10x10 

Measurement  time  [s] 

45 

30 

Display  time  [s/Iine] 

15 

2  ' 
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3.  Experimental  conditions 

To  evaluate  the  effect  of  the  ion  current  density 
distribution,  TEG  (test  element  group)  wafers  were  im¬ 
planted  with  35  keV  As*  to  a  dose  of  3  X  10”  ions/cm^ 
at  a  beam  current  ranging  from  3  mA  to  8  mA  with 
various  beam  profiles.  An  electron  shower  system  was 
not  used  when  clarifying  the  yield  dependence  on  the 
ion  beam  current  density  distribution.  The  effective 
radius  of  the  rotational  disk  was  375  mm,  and  the 
velocity  of  rotation  was  from  300  to  1000  rpm.  The  ion 
beam  current  density  distribution  was  measured  by  the 
BPM  B  which  was  placed  86  mm  behind  the  wafer 
position  on  the  disk. 

The  sample  device  structure  was  a  MOS  transistor 
fabricated  on  an  n-type  150  mm  silicon  wafer,  whose 
resistivity  was  in  the  range  of  5.5  ±  2  £2  cm.  On  the 
(100)  surface  of  the  wafer,  a  field  oxide  layer  of  450  nm 
thickness  was  grown  except  for  active  regions,  where  a 
gate  oxide  layer  of  20  nm  thickness  was  stacked  by  a 
gate  polysilicon  layer  of  250  nm  thickness.  The  gate 
area  was  5  pm  long  and  100  pm  wide.  The  gate  poly¬ 
silicon  layer  was  extended  onto  the  field  oxide.  The 
extended  part,  of  which  the  area  was  4  x  10^  pm^, 
provided  a  pad  electrode  for  the  gate  on  electrical 
measurements.  The  implanted  wafers  were  tested  to 
breakdown  and  the  yields  were  sampled  at  125  locations 
on  each  wafer. 


4.  MOS  transistor  yield  results 

There  were  two  groups  of  maximum  electric  field 
which  could  be  sustained  before  catastrophic  break¬ 
down  of  tested  sample  devices.  One  was  less  than  2 
MV/cm,  the  other  was  more  than  8  MV/cm  and  the 
former  group  was  caused  by  charging  phenomena.  The 
variation  in  yield  loss  with  some  ion  beam  profile 
parameters  is  shown  in  fig.  4. 

The  variation  in  yield  loss  with  the  maximum  value 
of  local  charge  per  pass,  is  shown  in  fig.  4a.  Yield 
loss  at  the  rotational  velocity  of  300  rpm  was  observed 
for  the  maximum  value  of  local  charge  per  pass  of  2.7 
pC/cm^  and  greater.  The  threshold  of  significant  yield 
loss  decreased  with  increasing  velocity  of  rotation.  In¬ 
cluding  different  velocities  of  rotation,  yield  toss  rather 
depended  on  the  maximum  of  local  charge  per  time, 
qp„  shown  in  fig.  4b. 


5.  Discussion 

At  the  condition  of  q^p  =  2.7  pC/cm^,  (if  discharge 
is  ignored)  the  electric  field  in  the  gate  oxide  is  greater 
than  165  MV/cm,  which  is  more  than  the  usual  electric 


Moximum  of  Charge  per  Time  (pC/cm*  sec) 

Fig  4.  MOS  transistor  yield  loss  dependence  on  some  beam 
profile  parameters  (a)  yield  loss  vs  charge  per  pass;  (b)  yield 
loss  vs  charge  per  time.  TEG  wafers  were  implanted  with  35 
KeV  As*  to  a  dose  of  3X10”  lons/cm^  at  a  beam  current 
ranging  from  3  to  8  mA  with  vanous  beam  profiles  and  wafer 
velocities  (•)  300  rpm,  (O)  500  rpm,  (n)  700  rpm,  (a)  1000 
rpm 


field  at  breakdown  (-11  MV/cm).  Most  of  the  charge 
delivered  to  a  wafer  in  the  ion  beam  was  immediately 
lost  by  surface  conduction,  conduction  through  insula¬ 
tors  and  secondary  electrons  from  the  surroundings. 

At  a  constant  velocity,  the  assumption  that  the  charge 
per  pass  was  an  effective  parameter  for  the  yield  was  in 
agreement  with  yield  results.  However,  when  changing 
the  velocity,  the  threshold  of  qpp  was  inversely  propor¬ 
tional  to  the  velocity,  and  this  assumption  was  not 
valid.  The  maximum  value  of  charge  per  time,  ^p,,  is  a 
rather  important  parameter..  The  breakdown  did  not 
occur  by  the  charge  delivered  to  a  wafer  during  a  single 
pass  of  the  beam,  but  it  did  occur  after  several  beam 
passes.  The  mechanism  of  charge  buildup  depends  on 
the  velocity  of  rotation  or  the  diameter  of  the  disk.. 
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6.  Conclusion 

The  importance  of  the  ion  beam  current  density 
distribution  in  a  high-current  implanter  has  been  dem¬ 
onstrated  by  testing  the  yield  of  MOS  transistors  with 
the  high-resolution  beam  profile  measuring  system.  The 
maximum  value  of  charge  per  time,  ^p,,  is  an  important 
parameter.  The  yield  loss  of  MOS  transistors  on  TEG 
wafers  increased  as  the  ^p,  values  increased  above  13 
pC/cm^  s  at  the  velocity  of  300  rpm. 


References 


(1]  M.I.  Current,  A.  Bhattacharyya  and  M.  Khid,  Nucl.  Instr. 
and  Meth.  B37/38  (1989)  555. 

{2]  S.B,  Felch,  L.A.  Larson,  M.I.  Current  and  D.W.  Lindsey,, 
Nucl.  Instr.  and  Meth.  B37/38  (1989)  563. 

[3]  N.  Nagai,  T.  Kawai,  M.  Naito,  Y.  Nishigami,  H  Fujisawa 
and  K.  Nishikawa,  Nucl.  Instr.  and  Meth.  B37/38  (1989) 
572. 


II.  REAL  TIME  PROCESSING 


94 


Nuclear  Instruments  and  Methods  m  Physics  Research  B55  (1991)  94-96 

North-Holland 
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A  new  wafer-charge  neutralization  system  which  employs  a  curved  solenoid  magnetic  guiding  field  and  a  large-area  LaB^  cathode 
IS  described  This  system  generates  a  directed  beam  of  low-energy  electrons  wth  total  current  of  about  100  mA  The  majcrity  of  the 
electrons  that  impinge  on  the  wafer  surface  have  energies  less  than  10  eV  This  neutralization  system  is  simple  and  compact,  and 
could  be  easily  incorporated  into  the  existing  high-current  ion  implanters 


1..  Introduction 

Semiconductor  fabrication  often  involves  the  im¬ 
plantation  of  ions  into  insulating  structures.  Excess 
charge  can  accumulate  on  the  wafer  and  may  generate 
breakdown  and  other  electrical  problems.  Wafer  charg¬ 
ing  can  also  affect  beam  propagation  resulting  in  a 
nonumform  implant.  Electron  flooding  is  the  most  fre¬ 
quently  used  form  of  charge  compensation  in  high-cur¬ 
rent  implantation.  The  energies  of  the  electrons  used  in 
this  neutralization  scheme  are  low  ( ~  10  eV).  However,, 
production  of  these  low-energy  electrons  and  subse¬ 
quent  irradiation  of  the  wafer  is  not  a  simple  matter  [1], 
For  this  reason,  we  have  designed  and  tested  a  new 
charge  neutralization  system  which  employs  a  curved 
solenoid  magnetic  guiding  field  and  a  large-area 
lanthanum  hexaboride  (LaB^)  cathode  to  form  a  di¬ 
rected  flow  of  low-energy  electrons.  It  is  demonstrated 
that  low-energy  electrons  ( £  <  30  eV)  with  a  total  cur¬ 
rent  of  100  mA  can  be  transported  from  a  large-area 
LaB^  cathode  through  a  nght-angle  turn  onto  a  target 
surface.  The  following  sections  summarize  the  develop¬ 
ment  of  the  system  and  the  results  of  the  experimental 
investigation. 

2.  Experimental  setup 

Fig.  1  is  a  schematic  diagram  of  the  experimental 
arrangement  An  electron  beam  is  first  extracted  from  a 
circular  (5  cm  diameter)  directly  heated  LaB^  cathode. 
LaB«  is  chosen  as  the  cathode  material  because  it  has 

*  This  work  is  supported  by  Varian/Extrion  Division,  and  the 
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the  appropriate  physical  properties,  such  as  a  high  melt¬ 
ing  point,  chemical  inertness  and  resistance  to  erosion 
under  ion  bombardment.  When  heated  to  a  temperature 
of  1600  K  or  higher.  LaB^  is  a  copious  emitter  of 
electrons. 

Since  the  normal  operating  temperature  for  a  LaB^ 
cathode  is  relatively  low,  one  would  expect  that  the 
evaporation  rate  for  the  LaB^  material  is  also  small  [2], 
Accordingly,  the  lifetime  of  a  LaB^  cathode  should  be 
much  longer  than  that  of  tungsten  or  tantalum  cathodes. 
In  fact,  lifetime  tests  have  shown  that  a  LaB^  emitter 
can  last  several  thousands  of  hours  at  relatively  modest 
current  densities,  in  the  range  10-20  A/cm^  [3], 

Previously,  we  demonstrated  that  directly  heated 
LaB^  filaments  can  be  fabricated  and  that  they  perform 
satisfactorily  in  plasma  or  ion  sources  where  tungsten  or 


Fig.  1.  A  schematic  diagram  of  the  magnetically  guided  low- 
energy  electron  beam  wafer  neutralizer. 
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tantalum  filaments  are  normally  employed  (2}.  In  some 
experiments,  very  low  electron  energies  are  required. 
The  magnetic  field  generated  around  the  filament  by 
the  high  heater  current  is  strong  enough  to  prevent 
low-energy  I'lectrons  from  leaving  the  filament.  This 
problem  can  be  soh’ed  by  using  a  coaxial  cathode 
structure  to  cancel  the  magnetic  field  produced  by  the 
heater  current  [4]. 

Recently,  we  have  modified  the  coaxial  arrangement 
to  form  a  5  cm  diameter,  directly  heated  LaB^,  cathode 
[5],  The  shape  of  this  cathode  is  properly  designed  so  as 
to  achieve  a  uniform  emission  current  density.  In  order 
to  generate  an  electron  current  of  100  mA  (7  =  5 
mA/cm^),  the  LaB^  cathode  is  operated  at  a  tempera¬ 
ture  of  about  1400  K.  This  temperature  is  so  low  that 
the  lifetime  of  the  cathode  will  be  extremely  long  and 
the  evaporation  of  LaB^  material  will  become  minimal. 

For  space-chaige-limited  extraction,  one  can  esti¬ 
mate  from  the  Child- Langmuir  equation  (with  F  =  10 
V  and  7  =  5  mA/cm^)  that  the  separation  between  the 
cathode  and  anode  is  approximately  2  mm.  A  tungsten 
mesh  with  74^  transparency  was  mounted  in  front  of 
the  cathode  surface  for  extraction  purposes. 

Once  the  electrons  are  extracted,  they  will  be  guided 
by  a  solenoid  magnetic  field  and  then  impinge  normally 
on  the  wafer  surface.  The  90  °  bend  keeps  the  cathode 
out  of  the  line  of  sight  with  the  wafer.  An  opening  in 
the  coil  allows  the  ion  beam  to  merge  with  the  electron 
beam  which  can  also  provide  the  necessary  space  charge 
for  beam  neutralization.  Since  the  guiding  field  is  weak, 
the  perturbation  of  the  positive  ion  trajectories  will  be 
very  small.  A  plot  of  the  calculated  magnetic  field 
together  with  the  coil  geometry  is  shown  in  fig.  2. 


3.  Experimental  results 

3  1  Transport  in  a  straight  solenoid  geometry 

The  experiment  was  imtially  pei  formed  in  the  first 
straight  section  of  the  solenoid  shown  in  fig.  1.,  A 
segmented  copper  collector  was  installed  at  the  end  of 
the  solenoid  coil  to  simulate  a  wafer.  With  this  arrange¬ 
ment,  the  radial  electron  current  density  distribution 
could  be  determined.  In  this  experiment,  it  was  found 
that  a  coil  current  of  ~  60  A  ( B  =  30  G)  was  quite 
adequate  to  transport  a  low-energy  electron  beam. 

The  experiment  was  first  performed  in  a  background 
pressure  of  about  1  x  10~*  Torr.  The  extraction  grid, 
the  solenoid  coil  and  the  target  collector  were  all  main¬ 
tained  at  ground  potential  while  the  cathode  was  biased 
negatively  with  respect  to  ground.  With  the  La^ 
cathode  operated  at  a  temperature  of  14(X)°C  and  an 
extraction  voltage  of  55  V,  only  3  mA  of  electrons  could 
be  transported  to  the  collector.  However,  the  trans¬ 
ported  electron  current  increased  rapidly  as  soon  as  a 
small  quantity  of  xenon  gas  was  added  to  the  chamber. 


Fig.  2.  The  calculated  magnetic  field  distribution  generated  by 
a  nght-angle  solenoid. 


F.lectron  currents  exceeding  100  mA  oould  now  be 
easily  obtained  with  an  extraction  voltage  of  55  V  and 
with  a  xenon  pressure  of  1.7  x  10"*  Torr.  This’  result 
indicates  that  positive  ions  are  required  for  space  charge 
neutralization.  Positive  xenon  ions  are  produced  by  the 
beam  electrons  when  the  extraction  voltage  is  greater 
than  the  ionization  potential  of  xenon. 

The  cathode  was  directly  heated  by  passing  the  heater 
current  through  the  LaB^  material.  The  temperature  on 
the  cathode  surface  was  monitored  by  means  of  an 
optical  pyrometer.  Fig,  3  is  a  plot  of  the  collected 
electron  current  as  a  function  of  the  cathode  tempera¬ 
ture  with  the  extraction  voltage  maintained  at  -  54  V 
and  the  xenon  pressure  at  1.7x10"*  Torr.  A  total 
electron  current  of  100  mA  or  higher  could  be  obtaihed 
when  the  cathode  temperature  exceeded  1300  °C.  Both 
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Fig.  3  Transported  electron  current  as  a  function  of  cathode 
temperature. 
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the  beam  profile  and  the  beam  current  were  optimized 
with  a  solenoid  current  of  60  A.  The  electron  current 
density  at  the  collector  was  uniform  within  a  region  of 
about  5  cm  diameter,  which  was  approximately  the 
same  area  as  the  LaBg  cathode. 

In  order  to  investigate  the  energy  distribution  of  the 
collected  electrons,  a  small  plane  Langmuir  probe  was 
installed  just  in  front  of  the  copper  collector.  The  probe 
trace  showed  the  space  potential  of  the  background 
plasma  was  almost  the  same  as  the  coil  or  ground 
potential.  Superimposed  on  the  beam  electrons  was  a 
group  of  background  electrons  which  could  be  repre¬ 
sented  by  a  Maxwellian  distribution  with  a  temperature 
of  2.25  eV.  The  distribution  of  the  probe  current  indi¬ 
cated  that  the  majority  of  the  electrons  arriving  at  the 
collector  had  an  energy  less  than  10  eV.  In  this  case,  the 
cathode  bias  voltage  and  therefore  the  primary  beam 
energy  was  about  20  eV. 

3  2.  Transport  through  a  right-angle  solenoid 

With  the  completion  of  the  straight  coil  experiment, 
a  nght-angle  solenoid  coil  was  installed  as  shown 
schematically  in  fig.  1.-  When  the  cathode  was  turned 
on,  It  was  observed  that  the  electron  beam  could  only 
propagate  in  the  first  straight  section  of  the  coil.  When 
the  beam  arrived  at  the  comer  of  the  coil,  it  would  drift 
either  above  or  below  the  plane  formed  by  the  coil 
(depending  on  the  direction  of  the  coil  current).  A  large 
fraction  of  the  beam  was  lost  to  the  coils  of  the  second 
straight  section.  As  a  result,  the  current  measured  at  the 
collector  was  very  small. 

The  change  in  the  direction  of  beam  propagation 
could  arise  from  either  the  Ex  B  or  the  curvatuie  B 
drift  of  the  electrons.  In  order  to  steer  the  electron 
beam  around  the  comer,  a  vertical  or  perpendicular 
component  of  the  B-field  is  needed.  This  fl-field  can  be 
generated  by  a  pair  of  Helmholtz  coils  at  the  comer  of 
the  solenoid  ..  The  position  where  the  beam  impinges  on 
the  collector  can  be  easily  optimized  by  adjusting  the 
strength  of  this  steering  field.  A  vertical  fi-field  of 
about  S  G  was  normally  required  to  center  the  beam  on 
the  collector. 

By  applying  the  steering  field,  a  total  electron  cur¬ 
rent  of  96  mA  was  obtained  on  the  target  collector  for 
an  extraction  voltage  of  ~  30  V.  The  electron  current 
density  at  the  collector  was  very  uniform  within  5  cm 
diameter,  as  shown  by  the  profile  distribution  plot  in 
fig.  4.  If  the  extraction  voltage  was  increased  to  34  V, 
the  total  collected  current  became  117  mA.  Langmuir 
probe  traces  obtained  in  this  new  solenoid  arrangement 
were  very  similar  to  that  of  the  straight  section.  Thus, 
the  majority  of  the  electrons  impinging  on  the  target 
collector  were  again  low-energy  electrons  with  £  <  10 
eV. 

In  conclusion,  we  have  demonstrated  that  a  beam  of 
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Fig.  4.  Electron  current  density  as  a  function  of  radial  position 
The  origin  represents  the  center  of  the  wafer  target. 


low-energy  electrons  can  be  transported  from  a  large  5 
cm  diameter  LaB^  cathode  through  a  nght-angle 
solenoid  coil  to  a  target  collector.  In  order  to  achieve  a 
total  electron  current  of  100  mA,  a  small  quantity  of 
xenon  gas  is  needed  for  low-voltage  extraction  and  to 
provide  the  positive  ions  for  space  charge  neutraliza¬ 
tion.  The  electrons  that  impinge  on  the  collector  have  a 
distribution  of  energy.  The  majority  of  these  electrons 
have  energies  less  than  10  eV. 
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In  space  charge  neutralised  beams  a  plasma  exists.  In  a  20  mA,  SO  keV  arsenic  beam  used  for  source  dram  implants  the  Debye 
length  is  around  O.S  mm.  Understanding  and  exploitation  of  this  plasma  is  necessary  in  the  control  of  wafer  charging  levels  within 
each  die,  as  opposed  to  wafer-scale  control,  so  as  to  prevent  current  passing  through  thin  gate  oxides.  This  approach  allows  electrons 
of  very  low  energy  to  be  used  for  charge  control.  Many  existing  flood  gun  systems  produce  electron  energy  distributions  with  high 
energy  tails.  Exploiting  the  properties  of  the  beam  plasma  allows  true  low  energy  (  <  20  eV)  electron  guns  to  be  used. 


1.  Introduction 

An  inherent  part  of  the  process  of  ton  implantatir  n 
IS  the  transport  of  charge  to  the  wafer.  In  the  presence 
of  insulating  layers  of  photoresist  or  oxide  this  leads  to 
a  build-up  of  charge  on  the  surface  of  the  wafer.  Excess 
charge  build-up  can  cause  catastrophic  breakdown  or 
more  subtle  dielectric  damage  through  Fowler-Nord- 
heim  tunnelling  leading  to  a  degradation  in  oxide 
strength.  For  example  in  CMOS  FET  gates  current  flow 
from  the  gate  through  oxide  to  the  substrate  gives 
progressive  gate  oxide  damage.  Oxide  damage  will  occur 
if  the  voltage  developed  on  the  gates  exceeds  the 
threshold  for  Fowler-Nordheim  tunnelling  and  a  sig¬ 
nificant  fraction  of  charge  to  breakdown  (Qbd)  is  passed 
by  the  end  of  an  implant.  The  problem  is  worse  for 
devices  with  a  large  polysilicon  to  gate  oxide  area  ratio. 

The  solution  is  to  supply  excess  low  energy  electrons, 
in  other  words  a  greater  electron  current  density  than 
ion  beam  current  density.  However  negative  charge 
build-up  can  also  cause  damage,  so  overflooding  with 
energetic  electrons  must  also  be  avoided.  This  means 
that  electron  flood  system  settings  on  modem  im- 
planters  must  be  optimised  for  maximum  device  yield 
each  time  a  new  process  is  qualified.  Negative  charge 
build-up  should  not  be  a  problem  if  the  energy  of  the 
electrons  is  low  enough,  as  the  electrons  cannot  charge 
the  wafer  to  a  voltage  greater  than  their  own  potential.. 
Low-energy  electrons  can  tie  produced  but  are  difficult 
to  transport  from  their  source  to  the  wafer..  In  hard 
vacuum  the  space  charge  limit  for  20  eV  electrons  is 
only  400  pA.  However,  low  energy  electrons  can  be 
transported  to  positively  charged  regions  on  the  wafer 
via  the  plasma  that  is  associated  with  the  ion  beam. 


2.  The  plasma  associated  with  an  ion  beam 

A  high-current  ion  beam  compnses  a  fast  ion  com¬ 
ponent  propagating  through  a  plasma  [1.2).  The  plasma 
consists  of  beam  ions,  slow  ions  (formed  by  ionisation 
or  charge  exchange  between  beam  ions  and  residual  gas) 
and  thermalised  electrons  (1,2).  As  in  a  plasma  without 
the  fast  ion  component,  the  centre  region  of  the  system 
has  a  fairly  constant  potential,  dropping  rapidly  to¬ 
wards  the  outside  or  sheath  region  [3].  The  most  im¬ 
portant  criteria  for  the  existence  of  a  plasma  is  that  the 
Debye  length  be  small  compared  with  the  dimensions  of 
the  system.  The  Debye  length  defines  the  distance  over 
which  steady  state  potentials  can  have  a  large  influence 
and  is  given  by 

^D  =  (1) 

where  T  is  the  electron  temperature  in  Kelvin,  the 

electron  density  cm~^,  e  the  chaige  on  an  electron,  k 
Boltzmanns  constant  and  to  the  permittivity  of  free 
space.  Using  the  Bohm  cnteria  [1]  the  current  density  at 
the  plasma  sheath  transition  is  given  by 
J,  =  n,e{kT/M),~  (2) 

where  M  is  the  ion  mass  and  n,  is  the  slow  ton  density 
at  the  plasma  boundary.  It  is  shown  by  Forrester  [1] 
that  the  plasma  density  at  the  boundary  is  approxi¬ 
mately  a  factor  of  2  lower  than  in  the  constant  potential 
region. 

3.  Use  of  the  plasma  for  charge  control 

Plasma  electrons  respond  strongly  to  different  poten¬ 
tials.  If  a  plasma  exists  close  to  the  wafer,  plasma 
electrons  will  flow  to  wafer  locations  with  a  positive 
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charge  ana  be  repelled  from  those  with  a  negative 
charge. 

A  plasma  tends  to  remain  neutral,  and  will  adjust  to 
the  addition  of  extra  electrons,  and  provide  a  conduc¬ 
tive  path  for  them.  Extra  electrons  can  arise  from  sec¬ 
ondary  electrons  from  the  wafer,  secondary  electrons 
from  flood  gun  primary  electrons  and  ionisation  of 
neutrals.  These  may  be  thermalised  through  elastic  colli¬ 
sions  with  other  electrons  within  the  plasma.  Via  these 
mechanisms  the  plasma  environment  provides  a  means 
of  transporting  low-energy  electrons  to  the  wafer.  An 
advantage  of  the  use  of  the  ion  beam  plasma  for  elec¬ 
tron  transport  is  the  fact  that  if  the  beam  drops  out,  the 
plasma  disperses  and  electrons  therefore  cease  to  travel 
.so  the  system  can  be  self  regulating. 

4.  Double  Langmuir  probes 

Electrical  probes  have  been  used  to  measure  plasma 
parameters  for  many  years,  the  method  having  been 
developed  by  Langmuir  in  1924.  In  this  investigation  we 
used  a  double  probe  arrangement  as  described  by 
Hutchinson  (4]  and  Chen  [5]. 

Two  probes  are  positioned  at  the  edge  of  the  plasma, 
a  voltage  is  applied  between  the  probes  and  the  current 
flow  between  the  probes  is  measured.  This  arrangement 
causes  minimal  disturbance  to  the  plasma  as  no  net 
current  is  drawn  from  it.  A  typical  double  probe  cur¬ 
rent-voltage  characteristic  is  shown  in  the  inset  in  fig.  1 


for  equal  area  probes.  When  the  voltage  difference  is 
zero  the  current  flow  to  each  probe  from  the  plasma  is 
equal,  so  no  current  flows  between  them.  At  large 
potential  differences  (values  greater  than  A  or  B  on  the 
inset  diagram)  one  or  the  other  probe  collects  saturation 
ion  current  /„.  For  the  sharply  changing  region  in 
between  it  can  be  shown  [5]  that  current  flow  between 
the  probes,  7^,  is  given  by 

/,  =  /„  tanh(eEd/27:r),.  (3) 

The  electron  temperature  can  be  extracted  using 

i(V,  +  V,)  =  kT/e.  (4) 

where  K,  and  are  found  from  the  intersection  of  the 
saturation  current  lines  with  the  tangent  to  the  steepest 
part  of  the  slope.  This  me-rns  the  electron  temperature 
can  be  calculated.  The  slow-ion  current  density  can  be 
calculated  from  the  saturation  ion  current  using  eq.  (2). 


5.  Experimental  details 

A  schematic  diagram  of  the  experimental  arrange¬ 
ment  is  given  in  fig.  2.  It  comprises  a  mock-up  of  art 
lon-beam -wafer  endstation  arrangement  with  a  flood 
gun  mounted  on  an  aluminium  tube  through  which  the 
beam  is  passed.  Two  flood  guns  were  used,  the  standard 
flood  gun  used  on  the  Applied  Materials  P19000  series 
[6]  and  a  prototype  low-energy  gun,  both  of  which  can 
have  Ar  gas  supplied  to  enhance  their  efficiency.  To 


Fig.  1.  Raw  double-probe  data  for  the  standard  flood  gun  at  vanous  primary  electron  accelerating  potentials  (numbers  in  brackets) 
for  zero  Ar  bleed,  with  a  theoretical  or  ideal  double  Langmuir  probe  charactenstic  shown  in  the  inset. 
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Fig  2.  A  schematic  diagram  of  the  expenmental  arrangement  showing  the  “  wafer’",  probes  and  flood  gun  at  the  wall  of  an  A1  tube 

with  the  icn  beam  passing  through  the  tube 


simulate  an  implanted  wafei  a  cooled  aluminium  plate 
was  used  wh.ch  could  have  a  bias  voltage  applied  to  tt. 
The  unsuppressed  current  flowing  to  this  “wafer”  was 
monitoreu.  The  probes  were  aluminium  discs  of  equal 
area  postttoned  at  the  inner  surface  of  the  aluminium 
tube. 

All  tneasurements  were  taken  using  a  20  keV  Ar* 
beam  at  5  or  '0  mA  (the  beam  current  was  measured  on 
a  suppressed  Faraday  style  beamstop  with  the  “wafer” 
out  of  the  beam).  The  beam  dimensions  were  60  mm  by 
60-70  mm.  The  influence  of  flood  gun  electron  energy 


and  argon  bleed  on  plasma  parameters  was  measured  as 
well  as  the  influence  of  a  positive  bias  on  the  “wafer”. 

6.  Results 

1 

6. 1.  Compurison  of  standard  and  lov.  -energy  flood  guns 

The  first  senes  of  tests  described  involved  a  compari¬ 
son  of  the  standard  P19000  series  flood  gun  with  a  low 
energy  prototype  gun  using  a  5  mA  Ar  ion  beam.  The 


Fig.  3.  Electron  temperature  plotted  as  a  function  of  flood  gun  electron  energy  for  different  Ar  bleed  settings,  showing  data  for  bpth 
sta.ndard  and  low-energy  gun  using  an  Ar  20  keV  5  mA  ion  beam.  The  low-energy  gun  data  is  boxed 
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Fig.  4  The  corresponding  variation  of  slow-ion  density  with  flood  gun  electron  energy  for  the  electron  temperatures  of  fig  3 


flood  gun  electron  energy  was  20  eV  on  the  prototype 
gun  and  varied  between  50  and  200  eV  on  the  standard 
gun.  Double  Langmuir  probe  data  for  a  variety  of  flood 
gun  conditions  was  obtained.  The  double-probe  char¬ 
acteristics  were  of  similar  shape  to  that  described  in  the 
inset  in  fig.  1  for  the  low-energy  flood  gun  and  for  the 


standard  gun,  provided  the  energy  and  Ar  bleed  were 
not  too  high.  An  example  of  raw  Langmuir  probe  data 
is  given  in  fig.  1  for  the  standard  gun  at  various  en¬ 
ergies.  The  plots  for  the  standard  gun  at  higher  Ar  bleed 
and  electron  energies  exhibited  large  asymmetric  peaks 
suggesting  some  sort  of  asymmetric,  non-plasma  be- 


Roodgun  Ar  Bleed  (seem) 

Fig.  5.  Electron  temperature  plotted  against  argon  gas  flow.  Numbers  in  brackets  are  the  potential  across  which  primary  electrons 

have  been  accelerated  determining  their  energy. 


t 


J.A.  Strain  el  al.  /  New  approaches  to  charging  control 


101 


0  2  4  6 


Electron  temperature  in  eV 

Fig.  6  A  plot  of  slow-ion  density  plotted  against  electron  temperature  for  a  10  mA  20  keV  Ar  beam  Numbers  beside  the  plots  give 

pnmary  electron  energy  and  gas  bleed  flow 


haviour.  This  gun  is  not  normally  operated  under  these 
conditions. 

Electron  temperature  and  slow  ion  density  were  ob¬ 
tained  as  de.scribed  above  for  the  “well  behaved”  plots. 
Figs.  .3  and  4  show  these  plotted  as  a  function  of  flood 


gun  electron  energy.  Electron  temperatures  start  at  2  eV 
for  20  eV  flood  electrons  and  rise  rapidly  as  the  flood 
gun  electron  energy  is  increased.  A  steady  rise  in  slow- 
ion  density  is  also  observed  with  energy.  The  figs, 
include  curves  for  0  and  1  seem  floodgun  Ar  bleed  and 


Ar  bleed  seem 

Fig.  7.  The  influence  of  Ar  bleed  on  electron  temperature  and  slow-ion  density  for  20  eV  flood  gun  electrons  for  a  10  mA  20  keV  Ar 

beam. 
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Fig,  8  Slow  ion  denMty  and  electron  temperature  plotted  against  flood  gun  electron  eneigy  for  1  seem  Ar  bleed  flow  for  a  10  mA  20 

keV  Ar  beam  showing  the  influence  of  “wafer"  bias  on  the  plasma. 


some  ,  otnt.s  at  4  seem  (seem  =  standard  eubte  eentt- 
metres  per  minute).  As  may  be  expeeted,  the  slow-ion 
density  is  greater  for  the  htgher  argon  flows.  Ftg.  5 
shows  the  effeet  of  Ar  bleed  on  the  eleetron  tempera¬ 
ture.  For  the  low-energy  gun  at  20  eV  the  eleetron 
temperature  is  seen  to  decrease  with  increasing  Ar  flow 
whtle  the  standard  gun  shows  an  unexpected  increase  m 
electron  ienipei  attire  with  flow  at  electron  energies  of 
both  50  and  100  eV, 

6.2  The  low-energy  gun  in  more  detail 

The  next  series  of  tests  involved  a  more  detailed 
study  of  the  low-energy  flood  gun  behaviour  using  a  10 
mA  Ar  beam.  The  flood  gun  electron  energy  was  varied 
between  10  and  47  eV,  Ar  bleed  varied  between  0  and  3 
seem  and  the  effect  of  wafer  charge-up  on  the  plasma 
investigated  by  biasing  the  “wafer”  positively  at  15  V. 
“Well  behaved”  double-probe  characteristics  were  ob¬ 
tained  for  all  these  conditions. 

Fig.  6  shows  electron  temperature  and  slow-ion  den¬ 
sity  plotted  as  a  function  of  flood  gun  electron  energy 
for  0  and  1  seem  Ar  bleed.  The  slow-ion  density  shows  a 
steady  rise  with  flood  electron  energy  while  there  is  no 
discernible  trend  in  electron  temperature.  The  addition 
of  1  seem  Ar  bleed  also  has  little  effect  on  the  plasma 
parameters.  Fig.  7  shows  similar  plasma  parameters 
plotted  as  a  function  of  Ar  bleed.  As  in  the  previous 
data  the  slow-ion  density  increases  with  Ar  bleed  and 
the  decrease  in  electron  temperature  as  the  Ar  bleed  is 
increased  from  1  to  3  seem  confirms  the  low  energy 
flood  gun  data  of  fig.  4. 


The  data  of  fig.  8  shows  the  effect  of  adding  a  15  V 
bias  to  the  "wafer".  The  plasma  parameters  are  plotted 
as  a  function  of  flood  electron  energy  and  again  show 
an  increased  slow  ion  density  with  electron  energy  and 
no  trend  in  electron  temperature.  The  positive  bias  on 
the  “wafer”  has  no  significant  effect  on  density  or 
temperature.  The  data  in  fig.  8  was  obtained  with  a 
“  hashy”  ion  beam  and  this  may  explain  the  consistently 
higher  electron  temperature  (5  to  7  eV)  compared  with 
the  other  data  for  the  low-energy  gun  (figs.  6  and  7) 
which  is  2  to  5  eV.  To  look  at  the  effect  of  beam  width 
near  the  charge  control/probe  system,  probe  data  was 
obtained  with  a  beam  defining  aperture  placed  before 
the  Al  tube  on  which  the  flood  gun  is  mounted.  A 
reduction  in  electron  temperature  was  observed  from 
the  more  typical  3  to  5  eV  to  1.4  eV  for  20  eV  electrons 
and  1  seem  Ar  bleed.  Hence  beam  conditions  do  in¬ 
fluence  the  data  obtained,  possibly  because  of  changes 
in  the  proximity  of  the  beam  to  the  aluminium  tube  and 
probe  arrangement. 


7,  Discussion 

The  Debye  length  foi  the  ion  beam  plasma  system 
described  above  can  be  calculated  from  the  slow-ion 
density  and  electron  temperature  using  eq.  (1).  This 
gives  a  Debye  length  ~  1  mm  for  all  the  data  described 
in  section  2  for  the  low-energy  flood  gun  with  a  10  mA 
ion  beam.  Hence  the  condition  plasma  dimen¬ 

sions  is  satisfied  for  the  beam  used  which  is  -  60 
mm  X  70  mm.  The  probe  diameter  is  10  mm  which 
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means  the  condition  An>  «*:  probe  dimensions  is  satis¬ 
fied  well  enough  to  obtain  meaningful  plasma  data  with 
the  arrangement  used. 

The  low-energy  flood  gun  data  shows  an  increase  in 
slow-ion  density  with  electron  energy  and  Ar  bleed  A 
decrease  in  electron  temperature  is  seen  between  1  and 
3  seem  of  Ar  bleed  in  the  flood  gun  and  there  seems  to 
be  no  trend  in  electron  temperature  over  this  flood  gun 
electron  energy  range  (10  to  45  eV).  The  condition  of 
the  ion  beam  also  has  to  be  taken  into  account  in  some 
instances. 

The  standard  flood  gun.  provided  it  is  not  opierated 
above  200  V  at  0  seem  and  100  V  at  1  seem  also  gives 
good  double  Langmuir  probe  plots  from  which  plasma 
parameters  can  be  calculated.  In  this  case  the  electron 
temperature  increases  with  Ar  bleed.  This  is  not  as 
expected  but  the  data  is  reproducible. 

Perhaps  the  most  promising  observation  is  the  insig¬ 
nificant  influence  of  “wafer"  bias  on  the  plasma,  shown 
in  fig.  8.  This  suggests  that  a  positively  charged  wafer 
passing  through  the  lon-beam-plasma,  does  not  disrupt 
the  plasma  and  should  be  neutralised  by  the  plasma 
electrons.  One  should  also  note  that  the  unsuppressed 
“wafer"  current  when  biased  at  15  V  was  -10  mA 
compared  with  +15  mA  for  the  unbiased  case  (20  eV 
electrons  1  seem  Ar).  This  is  a  measure  of  how  effec¬ 
tively  electrons  reach  a  positively  biased  wafer  from  the 
plasma.  "Wafer"  current  readings  with  no  beam  presen* 
were  -  1  mA  for  the  same  flood  gun  conditions  with  the 
"wafer”  biased  and  0  with  no  bias  on  the  “wafer” 
showing  that  few  electrons  reach  the  wafer  unless  the 
beam  is  present. 


8.  Conclusions 

A  plasma  exists  in  the  wafer/beam/floodgun  en¬ 
vironment.  A  double  Langmuir  probe  arrangement  can 
be  used  to  measure  the  properties  of  this  plasma  pro¬ 
vided  the  energy  of  the  flood  gun  electrons  is  low 
enough. 

The  plasma  and  consequently  the  ion  beam  must  be 
present  if  low-energy  electrons  are  to  be  transported  to 
the  wafer.  For  the  low-energy  electron  gun  the  plasma  is 
enhanced  by  the  Ar  bleed. 

The  slow  ion  density  for  the  system  is  -  10*/cm’ 
compared  with  a  neutral  density  of  ~  10'^.  There  is  a 
lot  of  scope  for  increasing  the  plasma  density,  for 
example  by  improved  confinement. 

The  potential  on  the  wafer  does  not  significantly 
perturb  the  plasma. 
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Most  problems  with  existing  ion-implantation  equipment  do  not  require  complex  sta  istical  analyses  to  ascertain  a  solution  or  to 
subsequently  provide  verification  of  production-worthy  performance.  However,  knowledge  of  performance  goals,  measurement 
parameters  and  data-reduction  techniques  are  helpful  in  methodically  and  systematically  solving  recurring  problems  These  facets 
necessitate  the  implementation  of  a  data-management  program  that  provides  an  ongoing  useful  tool  which  measures  equipment 
perforiiiuiiv.c  The  utility  of  such  a  program  can  be  measured  with  benefits  of  optimized  equipment  utilization,  improvements  in 
equipment  throughput,  as  well  as  increase  in  wafer  die  yield.  This  paper  will  identify  common  methods,  measurements  and  tools 
which  have  demonstrated  measurable  improvements  in  performance  of  lon-implaniation  equipment  Data  collected  from  as-required 
maintenance  versus  optimized-scheduled  maintenance  programs  will  show  that  preventive  maintenance  should  be  the  principle  focus 
of  any  useful  ongoing  semiconductor  fab  maintenance  effort.  Process  optimization  and  the  extent  to  which  the  equipment 
manufacturer  can  support  'he  user  in  that  regard  will  be  discussed.  It  will  be  shown  that  motivation,  knowledge  and  participation  of 
both  management  and  supporting  personnel  of  the  1C  manufacturer  as  well  as  the  equipment  vendor  can  be  combined  to  develop  a 
partnership  that  will  accelerate  and  solidify  the  optimization  process 


I..  Introduction 

In  the  semiconductor-manufacturing  environment, 
productivity  may  be  defined  as  consisting  of  three  com¬ 
ponents:  yield,  throughput  and  availability.  As  such, 
maximum  productivity  is  a  fundamental  goal  that  is 
sought  by  managers  on  all  levels.  Yet,  all  to  often  this 
goal  IS  addressed  by  separate  departments,  addressing 
each  of  these  components  individually.  When  only  two 
of  these  components  have  been  optimized  with  respect 
to  each  other,  only  partial  improvement  in  productivity 
is  achieved;  maximum  productivity  is  realized  only  when 
all  three  components  have  been  fully  optimized  with 
each  other  [1,2], 

Statistical  data,  the  medium  most  often  used  to 
measure  these  fundamental  components  of  productivity, 
frequently  originate  from  a  variety  of  sources  within  the 
wafer  fab  (table  1).  Unfortunately,  these  sources  are 
usually  different  departments,  each  of  which  are  guided 
by  their  own  responsibilities.  Although  the  overall  plan 
addresses  maximum  productivity,  individual  depart¬ 
ments  can  be  in  opposition  to  each  other  in  their  own 
modus  operand!,  without  knowing  of  the  other’s  needs 
oi  contributions  to  this  effort. 

An  example  of  this  is  shown  as  follows.  From  the 
viewpoint  of  the  maintenance  or  facilities  manager,  the 
two  pnmarv  goals  of  data  management  are  minimiza¬ 
tion  of  non-machine-related  downtime  components 
(such  as  delays  to  initiation  of  maintenance  procedures 
as  well  as  excessive  wait-times  due  to  delivery  of  spare 


parts)  and  maximization  of  equipment  uptime  and  pro¬ 
ductivity  (such  as  retrofit  of  equipment  improvements 
and/or  upgrades,  throughput,  reduction  of  unscheduled 
downtime,  and  optimized  scheduled  maintenance  activi¬ 
ties).  These  goals  are  not  usually  fundamental  to  the 
process-  or  device-engineering  departments  and  are, 
therefore,  often  ignored.  However,,  progress  towards 
these  two  goals  necessarily  equates  to  optimum  perfor¬ 
mance  of  the  other  two  departments;  manufacturing 
and  process  engineering. 

Another  overlooked  contributor  to  maximum  pro¬ 
ductivity  is  the  relationship  between  the  equipment 


Table  1 

Sources  of  data  for  productivity 


Compo¬ 

nent 

Department 

Sourcefs) 

Yield 

Process  and/or 

Yield  at  vanous  steps. 

device 

machine  condition(s)  and 

engineering 

setup,  process  control 

Through- 

Manufactunng/ 

Number  jf  'vafers  and  lots. 

put 

production 

number  of  different 
implanter  specifications, 
operator  wait-times, 
production  holds 

Availa- 

Maintenance/ 

Maintenance  cycles  (both 

bility 

production 

scheduled  and  unscheduled) 
wait-time,  and 
requalification  time 

0168-583X/91/$03.50  1991  -  Elsevier  Science  Publishers  B.V.  (North-Holland) 


C  Yarling  el  at.  /  Implanlalion-equipmeni  data  management 


105 


producer  and  the  equipment  users  in  the  fab.  When 
performed  at  a  high  enough  level,  information  exchange 
between  these  important  counterparts  enables  optimum 
performance  of  production  equipment  and  its  related 
support  systems.  An  active  partnership  between  these 
two  “occasionally  divergent  parties”  will  produce  be¬ 
nefits  that  will  ensure  the  long-term  success  of  both. 


2.  Maintenance  activities /contributors 

Most  implanter-equipment  manufacturers  provide 
either  general  or  customized  scheduled  maintenance 
routines  to  their  customers.  With  proper  implementa¬ 
tion,  these  types  of  procedures  have  been  shown  to 
minimize  unscheduled  downtime.  From  a  practical 
standpoint,  however,  occasions  will  arise  in  the  wafer 
fab  when  scheduled  maintenance  activities  must  be  de¬ 
layed  due  to  immediate  production  demands.  In  these 
cases,  use  of  a  customized  maintenance  schedule  will 
provide  enough  flexibility  to  allow  equipment  use  to  be 
extended  for  a  reasonable  period  of  time.  This  type  of 
schedule  will  most  likely  have  been  generated  through  a 
historical  evaluation  of  the  implanter  in  question. 

Typically,  scheduled  maintenance  activities  use  a 
timed  and/or  throughput-based  sequence  of  actions 
based  upon  the  recommendations  of  the  manufacturer’s 
equipment-design  engineers.  These  recommendations 
are  not  often  flexible  enough  for  the  variety  of  processes 
or  operational  variables  to  which  equipment  is  exposed 
in  the  production  environment.  Equipment  manufac¬ 
turers  are  now  recognizing  that  this  practice  is  not 
necessarily  an  efficient  method  to  enhance  the  reliabil¬ 
ity  of  their  equipment  nor  to  optimize  its  throughput. 

Varian  has  recently  addressed  the  flexibility  require¬ 
ments  of  the  semiconcijctor  industry  with  introduction 
of  a  tailored-scheduled  maintenance  program  designed 
around  the  specific  mechanical  and  process  demands  of 
any  batch  or  serial  implanter.  This  flexible  maintenance 
package,  referred  to  as  Modularized  Action  Program  or 
MAP  [3]  began  with  an  intensive  evaluation  of 
machine-performance  data  from  a  large  database  of 
implanters.  The  management  of  this  data  has  resulted  in 
a  program  that  is  a  pro-active  approach  to  traditional 
preventive  or  scheduled  maintenance  activities. 

Whereas  the  conventional  annual  PM  took  four  lo 
five  consecutive  days  (and  more  if  difficulties  were 
encountered),  the  MAP  introduces  an  innovative  ap¬ 
proach  to  maintenance  by  separating  the  previous  an¬ 
nual  maintenance  parameters  into  modularized  compo¬ 
nents,  each  one  taking  less  than  twenty-four  hours 
(table  2).  Thus,  the  time  for  required  scheduled  mainte¬ 
nance  activities  has  become  modularized  and  is  easily 
nested  into  other  planned  maintenance  activities.  The 
usual  post-overhaul  troubleshooting  and  requalification 
is  greatly  minimized  since  the  areas  of  potential  trouble 


Table  2 

Modular  Action  Plan  (MAP)  components 


Medium-current  implanter 

High-current  implanter 

-High-voltage  terminal 

-  Source  region 

-  Beam  line 

-  Beam  line  and  analyzer 

-  End  station 

-  End  station 

-  Vacuum  and  cooling 

-  Vacuum  and  cooling 

-  Wafer-handling  system 

or  error  have  been  greatly  reduced  from  the  entire 
implanter  to  just  the  modular  area  being  addressed  at 
any  single  time.  The  overall  annual  availability  of  the 
implanter  to  manufacturing  is  remarkably  increased. 
The  MAP  program  provides  previously  unavailable 
flexibility  for  the  maintenance  and  manufacturing  de¬ 
partments  to  pro-activ(.ly  schedule  required  mainte¬ 
nance  for  each  ion  implanter. 


3.  Implementation  of  equipment  options  and  upgrades 

The  implanter  manufacturer  often  has  the  capability 
to  support  the  1C  manufacturer  in  the  investigation  and 
refinement  of  the  equipment  that  has  been  purchased, 
such  as  enhancements,  options  or  upgrades.  In  most 
cases,  the  philosophy  of  the  user  mandates  that  these 
kinds  of  tests  be  performed  off-line,  i.e.,  outside  of  the 
fab,  so  as  to  avoid  disrupting  ongoing  production  flow 
and/or  possibly  risking  equipment  integrity.  However, 
best  results  are  only  obtained  through  beta-site  testing 
of  preproduction  assemblies  of  new  equipment  options 
or  enhancements  on-site  at  the  customer’s  facility.  In¬ 
deed,  optimum  process  results  must  ultimately  be  tested 
in  the  fab  for  the  following  reasons: 

(1)  uniqueness  of  the  process  flow  in  the  fab; 

(2)  potent:' 1  contamination  from  an  external  test; 

(3)  specific  combination  of  process-related  options; 

(4)  process/dopant  memory  from  previous  implants 
From  the  vendor’s  viewpoint,  there  must  be  a  careful 

balance  of  supplying  new  techniques  or  options  to  the 
user  as  soon  as  they  appear  ready  for  the  production 
environment  versus  expediting  the  delivery  of  the  new 
technique  or  option  to  him  with  an  undetected  flaw. 
However,  before  any  real  comparative  tests  can  be 
made,  both  the  equipment  and  the  product  must  have 
established  a  stable,  existing  process.  With  a  stable 
implant-process-capable  system  (in  our  case,  material, 
material  preparation,  implantation,  post-implant  proc¬ 
essing).  the  reporting  of  results  from  newly  installed 
additions  to  the  implanter  can  be  tracked  by  a  simple 
computer  program.  Thus,  lot-to-lot  comparisons  can  be 
made  in  a  cost-effective  manner,  i.e.,  a  minimum  num¬ 
ber  of  lots,  runs  or  wafers,  with  high  confidence  factors. 
Then  the  resulting  trends  can  be  fully  evaluated,  thus 
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beneficial  to  the  fab  user  as  well  as  the  equipment 
vendor. 


4.  Automation  and  data  management 

New-generation  ion-<mpiantation  equipment  used  in 
today's  IC  fabrication  facilities  is  being  designed  with 
an  increasing  number  of  features  which  allow  the 
equipment  to  be  encapsulated  within  its  automated  and 
controlled  environment.  This  scenario  allows  a  host 
control  system  to  sends  process  recipes  to  awaiting 
equipment,  which  then  performs  the  following:  it 
processes  the  recipe,  sets  up  and  tunes  the  equipment, 
and  then  cycles  the  correct  wafers  through  the 
equipment.  Processed  wafers  are  then  directed  by  host 
control  to  be  transported  to  the  next  process  step  by 
clean  robotic  control  or  clean  air  tracks. 

Realistically,  before  an  implanter  can  be  fully  auto¬ 
mated.  all  key  facets  of  its  operation  must  be  identified, 
understood,  and  tracked.  Once  all  individual  pieces  of 
equipment  are  stable  and  process-ready,  they  can  be 
integrated  into  the  fully  automated  fab  environment. 
Although  this  type  of  automated  process  is  functional  in 


today’s  semiconductor  industry,  it  is  still  the  exception, 
rather  than  the  rule.  For  example,  only  about  5%  of  the 
installed  equipment  are  currently  using  SECS  protocols 

[4]. 

The  success  of  full  automation  will  ultimately  de¬ 
pend  upon  the  availability  and  format  of  data  reported 
back  from  the  equipment  itself.  Most,  if  not  all,  ion-im- 
plantation  equif  ment  currently  being  manufactured  has 
built-in  capability  of  transmitting  various  kinds  of  data 
taken  during  t'le  implant  process  into  other  forums. 
This  includes  bt-tracking  information,  machine  data 
from  specific  implant  steps,  as  well  as  machine  perfor¬ 
mance  data  such  as  error  messages,  machine  failure 
records,  and  preventive  maintenance  prediction.  How¬ 
ever,  maximum  performance  of  each  machine  cann.)t  be 
obtained  unless  the  information  being  reported  meets 
three  important  guidelines:  (1)  is  it  useful  to  tl  ■  user, 
(2)  can  it  be  massaged  into  a  usable  format,  and  (3)  will 
it  bring  positive  results  when  factored  back  into  the 
manufacturing  process?  The  following  examples  place 
these  guidelines  into  proper  perspective. 

One  of  the  available  software  options  on  the  EX- 
TRION  1000  ion  implanter  is  the  Operator  Report. 
This  access  level  controlled  function  provides  the  user 


Fig.  1.  The  frequency-versus-error  graph  from  the  EXTRION  1000  is  a  detailed  listing  of  logged  error  messages  presented  in  Pareto 

analysis  format  such  that  the  most  troublesome  error  is  shown  first.. 
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with  a  quick  and  easily  understocxl  summary  of  availa-  Routine  Maintenance  screen  of  the  EXTRION  220  Ion 

ble  machine  data.  The  report  topics  available  are  the  Implanter.  This  screen  shows  a  listing  of  various  items 

Implant  Log.  Software  Report,  the  Error  Report  and  that  require  periodic  routine  maintenance,  the  life  time 

the  Warning  Report.  Line  items  in  each  report  are  of  the  serviceable  item  (in  hours  or  cycles),  the  present 

capable  of  being  viewed,  printed  or  purged.  The  Error  age  of  that  item,  how  much  time  is  left  before  next 

and  Warning  Reports  include  the  capability  of  being  service  (as  a  percentage  oi  scheduled  or  predicted  life- 

plotted  by  frequency  versus  code,  day  or  month.  These  time)  and  appropriate  information  on  the  previous 

reports  have  been  designed  for  maintenance,  production  service  (name  and  date).  Any  item  that  is  overdue  for  a 

and  process  engineering  departments  as  reflected  in  maintenance  activity  is  highlighted  i.n  red.  When  the 

table  1.  service  activity  has  been  completed,  the  counter  is  reset 

Fig.  1  is  an  example  of  this  type  of  machine-gener-  for  that  item.  If  required,  the  service  engineer  may 

ated  performance  data  from  the  EXTRION  KJOO  ion  review  instructions  for  the  maintenance  procedure  di- 

implanter.  This  figure  shows  the  Frequency  Versus  Er-  rectly  from  the  screen.  Thus,  all  preventive  maintenance 

ror  graph  for  various  logged  error  messages.  The  errors  activities  can  be  monitored  and  tracked  right  at  the 

shown  were  logged  when  the  implanter  was  being  first  computer  console  of  the  implanter.  And  when  needed, 

brought  into  service  on  the  production  floor.  The  Error  this  information  can  be  downloaded  to  a  floppy  disk  in 

Codes  represent  a  software  description  of  the  the  error  a  spreadsheet  format  for  use  by  maintenance  or  proce.'s 

type;  the  Error  Message  is  a  brief  descnption  of  the  engineers  responsible  for  logging  this  type  of  informa- 

error;  the  presentation  is  in  Pareto  Analysis  format  such  tion  onto  an  external  maintenance  computer  system, 

that  the  most  trouble.some  error  is  shown  first.  With  this  The  Routine  Maintenance  screen  is  an  excellent  ex¬ 
type  of  data,  machine  performance  can  be  evaluated,  ample  of  software  capability  that  readily  addresses  the 

logged  errors  can  be  itemized,  and  problem  areas  can  be  needs  of  the  customer  to  provide  the  best  service  for  his 

quickly  priontized  and  addre.ssed.  equipment.  The  information  generated  from  this  screen 

Another  example  of  the  utility  of  automated  ma-  is  presently  being  compiled  and  will  be  used  to  refine 

chine-performance  data  is  in  fig.  2.  In  this  example,  maintenance  service  information  (i.e.,  cycle  time/peri- 

predicted-scheduled  maintenance  is  shown  on  the  ods)  for  optimization  of  the  MAP  program  into  this 
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Fig.  2.  The  Routine  Maintenance  screen  from  the  EXTRION  220  lists  predicted  and  scheduled  maintenance  activities  in  tabular 
form.  Also  available  from  this  screen  is  a  listing  of  the  service  procedure  for  each  activity. 
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new  product.  This  same  activity  is  ongoing  for  another 
new  generation  implanter,  the  EXTRION  1000.  Tlie-se 
new  MAP  programs  will  address  a  wide  range  of  pro¬ 
duction  and  maint'^nance  requirements  for  various 
customers  of  modern  ion-implantation  equipment. 

5.  Equipment /u.ser  partnership 

A  solid  partnership  between  the  IC  manufacturer 
and  the  capital  equipment  vendor  can  improve  not  oniy 
the  user’s  productivity  and  yield,  but  can  also  improve 
the  lifetime  of  the  equipment  as  well  as  the  cost  of 
ownership.  In  addition,  a  continuous,  stable  relation¬ 
ship  can  lead  to  the  development  of  unique  operating 
conditions,  assemblies,  and/or  options  to  existing 
equipment.  As  unit  cells  (individual  equipment)  work 
towards  becoming  fully  automated  ,  the  partnership  will 
pay  off  with  improved  productivity. 

For  example,  a  major  semiconductor  manufacturer 
dedicated  one  end  station  of  a  120XP  dual  end  station 
high-current  batch  implanter  to  arsenic  and  boron  im¬ 
plants  on  150  mm  wafers.  During  a  two-month  time 
period,  particle  levels  in  this  machine  averaged  20.21 
defects  per  wafer  with  a  standard  deviation  of  13.51. 
During  this  period,  three  particle  maintenance  events 
occurred  which  were  attributed  to  unscheduled  mainte¬ 
nance.  which  by  definition  caused  un.scheduled  delays 
to  production.  The  customer  had  become  so  used  to 
these  unscheduled  events  that  he  was  ready  to  imple¬ 
ment  a  scheduled  preventive  maintenance  procedure  to 
address  the  situation.  However,  upon  consultation, 
Varian  recommended  use  of  a  hithertofore  under-utilized 
software  feature;  the  user-defined  Vent-Purge  Cycle  [5], 
This  software  feature  allows  the  process  engineer  to 
preselect  an  automatic  vent-purge  time,  whereby  the 
implanter  automatically  commences  a  slow  particle- 
purge  cycle  initiated  by  the  operator.  This  particular 
customer  implemented  the  procedure  on  a  once-per-day 
basis  and  reduced  the  particle  levels  (>0.3  gm  on  150 
mm  wafers)  to  an  average  of  11.55  per  wafer  with  a 
standard  deviation  of  5.17  over  a  period  of  three  months. 
During  this  lime  period,  only  one  maintenance  event 
was  required.  Thus  a  partnership  agreement  between 
vendor  and  customer  brought  about  a  reduction  in 
unscheduled  maintenance  with  a  resultant  increase  in 
implanter  performance  and  productivity.  In  addition, 
all  three  sectors  outlined  in  table  1  benefited  from  the 
results. 

A  recent  editorial  in  a  semiconductor-equipment 


trade  journal  remarked  on  the  importance  of  designing 
for  manufacturability  [6].  It  was  pointed  out  that  chip 
designers  could  easily  improve  manufacturability  as  well 
as  increase  yield  on  their  product  simply  by  incorporat¬ 
ing  existing  data  into  their  design  with  only  a  slight 
layout  change.  However,  because  the  designer  was  un¬ 
aware  that  the  data  existed,  and  therefore  was  unable  to 
ask  for  it.  an  easily  attainable  improvement  in  yield  was 
not  accrued.  This  is  another  example  of  where  inef¬ 
ficiency  in  data  management  techniques  have  allowed 
the  NIH  (not  invented  here)  syndrome  to  affect  produc¬ 
tivity  at  the  capital  equipment  producer's  site  or  in  the 
wafer  fab.  The  bottom  line  is  that  a  successful  vendor- 
customer  paitnership  does  not  allow  this  type  of  situa¬ 
tion  to  occur  since  there  is  already  in  existence  a  proven 
two-way  communication  program  that  includes  a  sig¬ 
nificant  amount  of  data  transfer.  This  action  is  the 
ultimate  utility  of  data  management. 


6.  Conclusion 

As  semiconductor  manufacturers  slowly  progress  to¬ 
wards  total  factory  automation,  published  technical  in¬ 
formation  such  as  that  provided  by  Kaminski  and 
Abegglen  [7]  and  others  will  aid  fab  architects  in  reach¬ 
ing  this  auspicious  goal  in  the  near  future.  In  the  mean 
time,  equipment  vendors  must  continue  their  relation¬ 
ship  with  the  cusionier,  i.e.,  the  manufacturer,  and 
provide  him  with  the  necessary  automation  and  data- 
management  capabilities  that  will  help  him  in  achieving 
this  worthy  accomplishment. 
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The  safety  and  environmental  concerns  regarding  the  widespread  use  of  phosphine  and  arsine  gas  in  the  semiconductor  industry 
have  given  rise  to  the  use  of  alternative,  less  hazardous  replacement  substances,  such  as  tertiarybutylphosphine  (TBP)  and 
tertiarybutylar.sine  (TBA).  TBP  and  TBA  are  less  hazardous  than  the  hydride  gases  under  sudden  release  scenarios  because  they  are 
(1)  liquids,  and  (2)  have  a  lower  acute  toxicity  than  the  gases  For  applications  in  ion  implantation,  the  u.se  of  TBP  and  TBA  could 
potentially  reduce  the  costly  downtime  resulting  from  the  heating  and  cooling  cycles  of  the  solid  source  vaporizers  In  comparison 
with  the  gases,  the  use  of  liquids  can  extend  the  pe.-iod  of  implanter  operation  before  chemical  .sources  need  replacement  In  this 
paper,  data  is  presented  which  demonstrates  the  performance  of  these  materials  in  a  production  environment,  with  the  discussion 
fix'using  on  issues  such  as  source  lifetime,  implanter  maintainability  and  overall  performance 


1.  Introduction 

Ion  implantation  is  now  a  ubtquitous  process  in  the 
fabrication  of  semtconductor  devices.  The  most  com¬ 
mon  elements  implanted  into  .stiicon  tn  produclton  factl-- 
ities  are  pho.sphorus,  arsenic  and  boron  The  source 
materials  for  producing  ion  beams  of  the.se  elements  are 
typically  phosphine  and  arsine  gas  and  boron  trifluoride 
(BF, )  Alternatively,,  metallic'  arsenic  and  phosphorus 
have  been  u.sed  [1] 

The  u.se  of  gases  or  solids  as  .source  materials  for  ion 
implantation  has  particular  handling  drsadvantages 
Arsine  and  phosphine  gas.  for  example,  are  extraordin¬ 
arily  toxic'  materials  In  addition,  they  are  stored  under 
pressure  thus  repre.senting  an  extreme  potential  hazard 
to  the  production  facility  and  to  the  .surrounding  com¬ 
munity  in  the  event  of  an  uncontrolled  release.  The 
increasing  awarene.ss  of  these  hazards  has  cau.sed  a 
ground  swell  of  regulatory  activity  in  the  USA,  increa.s- 
ing  the  requirements  for  the  u.se,  transport,  and  inven¬ 
tory  of  these  gases.  In  c,.rtain  cases,  expensive  capital 
costs  are  required  in  order  to  continue  to  use  the.se 
materials  in  existing  facilities  [2J. 

The  uses  of  arsine  and  phosphine  gas  for  ion  implan-. 
talion  IS  distingui.shcd  from  the  use  of  these  ga.ses  for 
other  electronic  applications  (such  as  LPCVD  or  diffu¬ 
sion  doping)  by  an  additional  safety  consideration 

’  Present  address:  Sematech,  2706  Monlopolis  Dr ,  Au,stin,  TX 
78739,  USA 


Whereas  the  other  applications  can  accommodate  the 
gases  located  in  a  remote  bunker  or  gas  cabinet.,  for  ion 
implantation,  the  ga.se.s  can  only  be  u.sed  with  the  bot¬ 
tles  immediately  inside  the  implanter.  Gas  bottles  are 
then  necessarily  located  directly  on  the  production  floor. 
This  makes  the  changing  of  gas  bottles  for  the  im-- 
planter,  the  operation  with  the  highest  probability  of 
incident,  a  particularly  cumbersome  piocedure;  both 
time  consuming  and  hazardous. 

Although  .solid  sources  avoid  the  issues  discussed 
above,  they  still  are  diflicult  to  handle,  particularly  with 
regard  to  arsenic'  dust  Most  importantly,  the  solid 
.source  vaporizers  are  notoriously  difficult  to  operate, 
and  can  require  1-2  h  for  heating  up  and  cooling  down. 
This  amounts  to  an  undesirable  loss  of  potential  pro¬ 
duction  time,  which  renders  the  u.se  of  solid  source 
material  prohibitive  for  facilities  which  must  switch 
implanters  from  one  source  to  another  frequently. 

The  use  of  liquids  as  .source  materials  for  ion  implan¬ 
tation  represents  a  possible  solution  to  the  disad¬ 
vantages  of  both  ga.ses  and  solids.  Two  liquids  in  par¬ 
ticular  have  been  chosen  for  study"  tertiarybutylarsine 
(TBA)  and  tertiarybutylphosphine  (TBP).  These  orga- 
nometallic  sources  for  arsenic  and  pho.sphorus  are  read¬ 
ily  available  in  electronic  grade  purity  and  have  suffi¬ 
cient  vapor  pressures  at  room  temperature  such  that 
they  can  be  handled  in  essentially  the  same  way  as  the 
source  gases.  But  because  TBA  and  TBP  are  not  stored 
under  pressure  their  use  represents  a  substantial  reduc¬ 
tion  in  hazards  in  comparison  to  the  compressed  gases 
arsine  and  phosphine.  A  further  benefit  to  the  liquids  is 
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that  they  are  significantly  less  toxic"  than  the  gases.  In 
fact,  TBP  IS  not  regarded  as  a  poisonous  liquid! 

In  comparing  the  use  of  the  liquids  to  the  solid 
sources,  the  relative  ease  of  control  of  the  liquids  is 
attractive.  Most  significantly,  the  use  of  .solid  vaporizers 
can  be  eliminated  and  the  wasted  productive  time  used 
for  vaporizer  heating  and  cooling  can  be  regained. 

The  present  work  is  an  extension  of  a  previous  study 
which  demonstrated  the  feasibility  of  using  TBP  as  a 
liquid  phosphorus  .source  on  a  medium-current  im- 
planter  [3]  The  present  work  is  focused  on  the  use  of 
both  TBA  and  TBP  on  a  daily  basis  in  a  production 
environment.  In  particular,,  it  will  be  shown  that  the  u.se 
of  the  liquids  can  occur  in  a  manner  which  is  trans¬ 
parent  to  the  use  of  gase.-  with  regard  to  machine 
operability,-  maintenance,  and  source  lifetime  To  our 
knowledge,  this  represents  the  first  account  of  the  use  of 
liquid  sources  of  phosphorus  and  arsenic  for  production 
applications,  and  establi.shes  an  important  alternative 
method  for  production  facilities 

2.  Experimental 

TBA  and  TBP  are  manufactured  in  99  9999^^  purity 
by  the  American  Cyanamid  Company,-  Wayne,-  New 
Jersey  The  material  is  supplied  in  returnable,  stainle.ss- 
steel  ampoules  In  addition  to  the  current  woik,  TBA 
and  TBP  have  been  used  extensively  as  replacements  for 
arsine  and  phosphine  in  the  MOCVD  growth  [4]  of  InP 
and  GaAs  materials,  as  well  as  dopant  sources  for 


Table  2 

Acute  toxicity 

Material 

LC50 

Tertiarybutylarsine  (TBA) 

70  ppm  (4  h) 

Tertiarybutylpho.sphine  (TBP) 

>1100  ppm  (3  h) 

Arsine 

5-45  ppm  (4  h) 

Phosphine  ■” 

11-50  ppm  (4  h) 

■"  Internal  Testing.  Ameriean  Cyanamid  Company 
’’’  Exposure  lo  TBP  was  halted  after  three  hours  of  exposure  to 
1100  ppm.  There  were  no  deaths  at  this  concentration. 
Actual  LC511  was  not  determined. 

Four-hour  LC,,,  data  for  arsine  are  still  not  definitively 
eslablKshed.  This  range  is  an  estimate  that  generally  reflects 
the  industry's  perception  on  arsine's  toxicity  at  this  time 
The  National  Institute  of  Environmental  Health  Scienees 
has  reported  an  LC\„  in  mice  of  approximately  25  ppm  in 
recent  studies  (personal  communication) 


in-.situ-doped  polysihcon  [5]  and  in  the  CVD  growth  of 
BPSG  and  PSG  films  (6). 

The  physical  properties  and  toxicological  properties 
of  these  materials  are  shown  in  tables  1  and  2.-  re.spec- 
tively  Note  that  the  liquids  have  a  lower  acute  inhala¬ 
tion  toxicity  than  the  gases.  In  addition,  as  expected, 
the  liquids  have  been  shown  by  modelling  studies  to 
disperse  orders  of  magnitude  less  readily  than  the  gases, 
and  can  therefore  be  regarded  as  significantly  less 
hazardous  in  the  event  of  a  leak  [7]. 

Fig.  1  shows  a  diagram  of  the  installation  of  the 
liquid  bubbler  m  the  gas  distribution  system  of  a  Varian 


Table  1 

Physical  properties  of  TBA  and  TBP 


TBA 

TBP 

Formula 

C4H11  As 

C^HhP 

CH, 

CH, 

Structure 

CH,-C-AsH, 

CH,-C-Ph, 

CH, 

CH, 

Weight  (amu) 

1.34 

90 

Density  (g/ml,  (a  20°  C) 

1  0 

071 

Boiling  Point  (  °C,  (a;  760  mm  Hg) 

65 

54 

Melting  Point  ( °C) 

-  1 

4 

Vapor  Pressure  (mm  Hg,  K) 

In  P  =  16.68  (.3475/7') 

In  P  =  17  47-(.3544/7') 

Appearance  (^'  25  °C) 

Clear,  mobile  liquid 

Solubility 

Insoluble  in  water,  soluble 
in  most  organic  solvents 

Reacl'ciiy 

Stro.ng  reducing  agent, 

Ignites  upon  exposure  to 
air  (pyrophoric),  non- 
corrosive  toward  stainless 
steel;  indefinite  shelf  life 
when  stored  under  an 
inert  atmosphere 
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DF4  implanter  The  only  deviation  from  a  direct  con¬ 
nection  IS  the  addition  of  an  expansion  chamber  be¬ 
tween  the  bubbler  and  the  leak  valves  This  expansion 
chamber  increases  the  volume  of  the  vapor  that  is 
available  and  reduces  the  source  instabilities  due  to  high 
rates  of  mass  flow.  Without  an  expansion  chamber, 
running  the  source  at  higher  ma.ss  flow  rates  will  pull 
vacuum  on  the  liquid  and  push  it  towards  its  triple 
point.  At  the  triple  point  the  liquid  will  freeze  and  boil 
simultaneously  and  .sufficient  vapor  pressure  to  feed  the 
.source  will  not  exist  for  a  time.  This  is  observed  as  an 
instability  in  the  source  current. 

Two  modifications  to  the  source  construction  were 
also  carried  out  over  the  course  of  this  experiment  to 
overcome  the  effects  of  carbon  deposition  on  the  .source 


lifetime  The  first  was  to  add  a  protective  cover  to  the 
insulators  for  the  extraction  anode.  This  was  to  over¬ 
come  shorting  of  the  extraction  potential  that  occurs 
readily  in  an  unprotected  situation.  The  second  was  to 
add  re-entrant  insulators  to  the  filament  it.self  At  high 
rates  of  carbon  deposition,  the.se  insulators  would  coat 
and  short  through  the  arc  chamber.  A  re-entrant  design 
provides  sufficient  insulating  surface  area  that  this 
mechanism  is  defeated 

Following  in.'itallation  of  the  bubblers  and  the  ex¬ 
traction  anode  modification,  the  TBA  and  TBP  sources 
were  qualified  for  production  with  all  the  product  lines 
at  the  National  Semiconductors  Santa  Clara  facility  and 
put  into  production.  As  such,  the  data  pre.sented  here 
represents  an  analysis  of  production  performance  rather 
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Fig  2.  Mass  spectra  of  the  two  liquids'  (a)  TBP,  (b)  TBA 


than  a  carefully  controlled  experimental  study.  Pre¬ 
sently  slightly  over  six  months  of  production  data  have 
been  gathered  and  the  source  continues  to  be  u.sed. 


3.  Process  results 

The  mass  spectra  of  TBP  and  TBA  are  shown  in  fig. 
2.  It  IS  clear  that  there  are  few  peaks  other  than  the 
primary  peaks.  These  peaks  are  clear  and  distinguished 
making  it  the  obvious  choice  for  tuning.  Other  peaks 
which  are  observable  include  P^"',.  mass  28  (Nj  and/or 
CO),  and  N'*’  -  ail  of  these  are  not  an  issue  in  the 
machine  setup. 

Tests  verifying  the  resistivity  and  uniformity  of  the 
implant  were  performed..  As  expected,  these  were  indis¬ 
tinguishable  from  the  gas  or  solid  sources  in  every  way. 
Split  lot  qualification  tests  were  also  done  with  all 
product  lines  in  the  Santa  Clara  plant.  These  include 
bipolar.  CMOS,  and  NMOS  production  lines  and 
processes  that  mix  most  of  these  technologies.  The 
results  of  these  split  lots  were  also  that  the  source  was 
indistinguishable  and  full  production  was  allowed. 

4.  Maintenance  results 

Fig.  3  IS  a  plot  of  the  number  of  hours  of  lonuation 
source  lifetime  for  the  implanter  using  the  liquid  re- 
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Fig.  3.  Source  lifetime  as  experienced  m  the  first  six  months  of  1990 
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agents  as  a  function  of  date.  This  is  compared  to  the 
average  life  of  the  other  implanters  in  the  facility  which 
operate  using  PH3,  AsHj,  and  BF3  gases.  The  jagged 
line  in  fig.  3  is  composed  of  aproximately  120  source 
changes  which  occured  over  a  six-month  period.  For 
example,  the  source  installed  on  May  22nd  operated  for 
28  hours  before  failure;  near  the  average  for  the  facility. 
Of  the  28  hours  of  operation,  12  hours  were  devoted  to 
phosphorus  (TBP)  and  arsenic  (TBA)  implantation.  On 
the  average  20%  of  the  operating  hours  of  each  ioniza¬ 
tion  source  was  devoted  to  phosphorus  and  arsenic 
implants;  the  remainder  to  boron.  In  the  initial  phases 
of  this  project  this  percentage  was  limited  by  the  source 
lifetime.  Presently  this  ratio  is  limited  by  the  production 
volume.  In  fact,  the  present  operation  will  switch  from 
liquid  sources  to  BF3  and  back  several  times  during  the 
source  life. 

Several  points  are  observable  in  this  chart.  Initially 
the  lifetime  was  relatively  high  as  the  liquid  sources  had 
not  passed  product  line  qualification.  When  production 
started  the  source  lifetime  fell  and  was  extremely  low 
( -  10  h)  with  regular  short  lifetime  failures.  This  gradu¬ 
ally  improved  as  all  of  the  technicians  learned  to  build 
and  setup  the  source.  The  time  when  the  re-entrant 
filament  insulators  were  introduced  is  noted.  This  gives 
a  definite  increase  in  lifetime.  This  was  particularly 
noticable  in  that  the  primary  cause  of  source  failure  was 
once  again  filament  burnout  rather  than  shorting.  The 
end  result,  as  evidenced  by  the  last  six  weeks,  is  oper¬ 
ation  which  IS  well  within  the  distribution  of  “normal” 
source  lifetime. 

Two  caveats  should  be  mentioned  regarding  this 
performance.  The  first  is  that  implants  done  on  this 
machine  are  limited  to  those  below  4  x  10’*  lons/cm^. 
This  IS  because  the  fab  is  operated  as  an  implant  center 
and  higher  do.se  implants  are  staged  onto  other  ma¬ 
chines.  As  such,  the  beam  current  is  seldom  taken  above 
150  nA  -  a  particularly  easy  operations  mode  as  com¬ 
pared  to  either  specified  current  or  operation  of  more 
modem  machines.  The  second  is  that  the  fab  underwent 
a  major  reorganization  during  the  time  period  that  this 
test  was  run.  Turnover  was  relatively  high  and  the 
distribution  of  source  lifetimes  is  somewhat  lower  than 
that  which  is  expected!  This  is  why  the  liquid-source 
lifetime  is  compared  to  the  distribution  as  established 
during  the  same  time  period.  We  do  not  expect  that  the 
sources  for  the  liquid-source  machine  received  particu¬ 
larly  different  treatment  from  the  others  so  this  is 
considered  a  proper  comparative  evaluation. 


5.  Discussion 

The  use  of  TBP  for  ion  implantation  was  first  dem¬ 
onstrated  on  a  medium-current  implanter.  One  of  the 


issues  in  using  these  materials  is  the  effect  of  carbon 
deposition  on  the  ionization  chamber. 

Inspection  of  the  mass  spectra  of  the  extracted  beam 
(fig.  3)  reveals  that  there  can  be  very  little  ionized  beam 
attributed  to  carbon;  the  spectrum  is  essentially  identi¬ 
cal  to  those  obtained  when  using  the  hydride  gases.  This 
suggests  that  most  of  the  carbon  of  the  tertiarybutyl 
group  is  deposited  as  carbon  in  the  ionization  chamber, 
or  is  pumped  out  of  the  system  as  hydrocarbon  frag¬ 
ments.  Visual  inspection  of  the  ionization  chamber  re¬ 
veals  substantial  amounts  of  black  carbonaceous  re¬ 
sidue,  and  suggests  that  a  substantial  amount  of  the 
carbon  plates  out  in  the  arc  chamber. 

While  this  is  advantageous  from  the  standpoint  of 
ionization  efficiency,  the  carbon  deposition  in  the 
chamber  can  form  on  the  filament  insulators.  After  a 
period  of  time,  this  can  cause  shorting  and  premature 
failure  of  the  arc  and/or  the  filament.  For  this  reason, 
it  is  essential  to  operate  the  liquid  sources  using  the 
minimum  vapor  flow  needed  to  maintain  the  de.sired 
beam  current.  The  effect  of  running  more  vapor  than 
necessary  is  what  we  believe  is  observed  in  the  middle 
section  of  the  source  lifetime  results  (fig.  3).  Here  the 
lifetime  was  often  20%  or  less  of  the  value  that  was 
obtained  as  an  experience  base  was  gained.  The  utiliza¬ 
tion  of  re-entrant  filament  insulators  greatly  reduces  the 
potency  of  this  failure  mechanism.  In  this  case  the 
insulators  are  constructed  such  that  the  carbon  buildup 
has  less  opportunity  to  coat  a  shorting  path. 

The  other  modification  necessary  for  consistant  flow 
of  the  vapor  is  the  ballast  chamber  mamfold  (fig.  1). 
This  mamfold  supplies  a  large  volume  of  the  vapor  (at 
its  nominal  vapor  pressure)  which  provides  sufficient 
material  to  support,  the  mass  flow  necessary  to  hold  a 
steady  pressure.  Without  the  use  of  the  manifold  the 
vapor  flow  tends  to  become  erratic.  This  is  due  to  a 
“boiling/ freezing”  phenomenon  that  occurs  as  high 
vacuum  pulls  the  liquid/ vapor  interface  to  the  triple 
point  of  the  material. 


6.  Conclusions 

This  work  has  shown,  for  the  first  time,  the  viability 
of  using  liquid  phosphorus  (TBP)  and  liquid  arsenic 
(TBA)  sources  for  ion  implantation  in  a  production 
environment.  It  has  been  demonstrated  that  the  perfor¬ 
mance  and  overall  operability  of  the  implanter  using  the 
liquid  sources  is  indistinguishable  to  the  use  of  gas 
sources  when  medium  current  machines  are  operated  at 
routine  beam  current  Icvel.s. 

The  substitution  of  the  gases  by  TBA  and  TBP  leads 
to  a  significant  decrease  in  risk  of  operating  the  ion 
implanter,  particularly  in  the  area  of  changing  gas  bot¬ 
tles  or  other  such  maintenance  intervention  in  the  gas 
manifold.  By  nature  of  the  fact  that  liquids  are  more 
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dense  than  gases,  the  molar  equivalent  of  phosphorus  or 
arsenic  molecules  in  a  given  volume  is  20-30  times  that 
found  in  a  15%  gas  mis.  It  is  expected  then,  that  the 
frequency  of  gas  bottle  changes  may  be  decreased  by  a 
factor  of  20-  30,  enabling  a  significant  incremental  gain 
in  available  production  implanter  time 

Further  work  will  be  aimed  at  expanding  this  tech¬ 
nology.  The  borderline  as  to  when  (if  at  all)  higher 
current  performance  is  affected  in  medium  current  mac¬ 
hines  has  not  been  explored.  Similarly,  this  technology 
will  be  expanded  to  test  the  performance  in  high-cur¬ 
rent  ion  iinplanlers 
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Section  III.  Processing,  throughput  and  yield 

Gate  oxides  in  high  current  implanters:  how  do  they  survive?  * 

Frank  Sinclair 

Eaton  Corporation.  Beverly,,  MA  0191 5.  USA 

The  use  of  thinner  gate  oxides  in  ULSI,  susceptible  to  catastrophic  breakdown  at  lower  voltages,  presents  an  increasingly  difficult 
problem  for  ion  implanter  manufacturers.  The  center  of  a  high  current  ion  beam  can  be  modeled  as  a  voltage  source  whose  potential 
depends  on  the  current  density  in  the  beam,  the  neutralization  of  the  beam  by  electrons  and  the  geometry  of  the  process  chamber. 
Many  measurements  using  a  variety  of  methods  support  the  validity  of  t.hese  models  The  peak  voltages  are  almost  always  larger  than 
the  expected  breakdown  voltages  of  thin  gate  oxides  and  thus  would  predict  zero  yields. 

Studies  of  oxide  failure  in  electncal  tests  have  shown  two  distinct  classes  of  effects:  some  devices  fail  promptly  with  characteristics 
consistent  with  a  localized  defect  that  leads  to  a  reduced  breakdown  voltage,  while  other  devices  have  reduced  reliability  that 
correlates  with  reduced  charge  to  breakdown.  The  charge  to  breakdown  test  typically  gives  results  in  the  range  from  1  x  lO'*  to 
1  xlO^'  eleetrons/cm^,,.  much  greater  than  the  total  dose  in  an  implant,  so  that  a  simple  charge  based  model  would  predict  1{X)% 
yields 

This  paper  puts  forward  some  physical  models  based  on  recent  experimental  results  aimed  at  approaching  the  problem  from  an 
interdisciplinary  perspective.  First,  we  characterize  the  environment  in  an  implanter  using  in  situ  measurements,  and  conclude  that  at 
scales  larger  than  the  beam  it  behaves  like  a  pure  current  source,  while  at  scales  smaller  than  the  beam  it  behaves  like  a  voltage  source 
with  a  surprisingly  high  current  limit  Second  we  review  some  recent  trends  in  electrical  tests  of  gate  oxides,  and  finally  we  put 
forward  some  hypotheses  that  could  be  tested  in  future  experiments. 

I.  Introduction  understood,  however,  and  to  continue  to  keep  up  with 

the  scaling  treadmill  we  need  to  apply  some  real  physi 
The  integrated  circuit  industry  is  on  the  well-known  cal  understanding  to  the  design  of  charge  neutralization 
treadmill  of  decreasing  device  lateral  dimensions  by  a  systems, 
factor  of  two  every  five  years  As  an  essential  part  of 
ihis  programmed  revolution,  gate  oxides  are  inexorably 

getting  thinner,  albeit  at  a  slightly  le,ss  dramatic  rate.  2.  The  implanter  environment 
This  scaling  means  that  charging  (and  particulates)  will 

be  with  us  forever  as  an  area  where  our  customers  will  The  environment  of  a  high  current  implanter  is  at 

require  continued  improvement  in  performance.  Thinner  first  sight  a  very  hazardous  territory  for  a  fragile  in- 

gate  oxides  have  lower  breakdown  voltages  and  there-  tegrated  circuit.  The  beam  contains  ions  with  kinetic 

fore  require  reduced  supply  voltages.  The  SRC  five-year  energies  of  10-200  keV,  the  power  density  can  be  as 

projection  made  last  year  predicts  that  in  1994  gate  high  as  1  kW/cm^.  the  wafers  spin  on  a  disk  requinng 

oxides  will  be  5  nm  thick  and  supply  voltages  will  be  centripetal  accelerations  of  1000  g.  photoresist  di.s.soci- 

down  to  3.3  V.  ates  to  produce  hydrogen,  and  electrons  are  deliberately 

Ion  implant  users  often  have  problems  with  the  yield  introduced  to  shower  down  on  the  wafer.  The  success  of 

of  their  devices,  and  in  several  cases  the  cause  of  gate  the  process  has  been  demonstrated  many  times,  how- 

oxide  failure  has  been  traced  to  a  high  current  im-  ever,  and  it  is  only  by  an  examination  of  the  individual 

planter  If  no  mechanism  is  used  to  neutralize  the  processes  in  detail  that  we  can  assess  realistically  the 

charge  in  the  beam,  the  target  will  charge  up  to  very  important  issues  involved, 

high  voltages.  Thus  all  high  current  implanters  use 
electron  showers  or  gas  bleeds  or  both  to  neutralize  the  2.1.  A  single  ton 
charge  on  the  surface  of  the  wafer  and  thus  to  reduce 

the  destruction  of  the  fragile  gate  oxides  {]  3J.  The  The  pi ocesses  that  occur  on  an  atomic  level  in  an  ion 

success  of  this  scheme  is  evident  fron^  the  output  of  implant  step  are  mostly  well  known;  there  are  several 

large  number  of  CMOS  devices  from  our  fabrication  time  and  size  scales  that  are  important.  During  the  first 

lines.  The  details  of  the  physical  interaction  are  not  well  1x10“’*  s,  the  ion  passes  through  the  first  atomic 

layer  of  the  target,  and  very  likely  leads  to  the  emission 
*  Invited  paper.  of  .secondary  electrons  as  illustrated  in  fig.  1.  It  may 
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(electron-hole  pair  creation) 

Fig.  1.  Sketch  showing  the  effects  that  occur  during  the  first  femtosecond  of  the  interaction 


also  emtt  sputtered  atoms,  most  of  which  one  would 
expect  to  be  neutral.  The  emission  of  secondary  elec¬ 
trons  means  that  the  net  charge  imparted  to  the  target 
during  this  event  is  more  than  one  positive  electron 
charge. 

During  the  next  10"'^  to  10"'^  s,  the  ton  enters  the 
bulk  of  the  target  and  come  to  rest  as  shown  in  fig.  2. 
During  the  time  that  it  is  slowing  down,  the  ion  may 


exchange  charges  with  the  target  material,  leading 
rapidly  to  an  equihbnum  charge  state  for  the  projectile. 
The  first  order  approximation  for  this  equilibrium  is 
given  by  the  “Bohr  velocity  matching”  condition.  Es¬ 
sentially,  if  one  considers  a  projectile  traveling  at  a 
given  velocity  v  through  the  matnx,  and  assuming  that 
one  of  its  electrons  comes  to  rest  in  the  matnx,  then  it 
will  have  a  velocity  r  in  the  frame  of  the  projectile.  This 


-Secondary  Electrons 


'  Net  Change  on  Surface 


ionization  Wake 


_Neutralized  Projectile 
Comes  to  Rest 


Fig.  2.  Sketch  illustrating  the  main  effects  as  a  single  ion  comes  to  rest. 
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corresponds  to  a  kinetic  energy  for  the  electron,  and  if 
this  kinetic  energy  is  larger  than  the  ionization  poten¬ 
tial,  the  electron  will  stay  behind,  and  the  projectile  will 
become  more  positively  charged.  Conversely,  if  the  pro¬ 
jectile  is  initially  charged,  it  may  pick  up  an  electron 
from  the  matrix,  liberating  an  ionization  energy  and 
accelerating  the  electron  to  its  own  velocity.  At  a  low 
enough  velocity  uHis  reaction  becomes  exoenergetic,  and 
therefore  the  ion  te.nds  to  neutralize  as  i:  slows  down. 
This  calculated  equihbrium  charge  state  is  shown  in  fig. 
3.  Notice  that,  under  most  typical  implant  conditions, 
one  would  expect  the  p.'ojectiles  to  be  neutral,  'experi¬ 
mental  data  often  shows  a  wide  spread,  and  the  rapid 
interaction  rate  in  solids  may  favour  higher  charge 
states  [4]. 

If  the  projectile  ion  does  carry  some  charge  deep  into 
the  target,  it  seems  that  the  ionization  wake  will  persist 
for  a  time  of  the  order  of  the  minority  carrier  recombi¬ 
nation  time,  ns  to  |is  depending  on  conditions,  and  that 
the  charge  will  be  conducted  to  the  surface  during  that 
time. 

Thus,  after  the  projectile  has  come  to  rest,  we  can 
assume  that  there  is  a  net  charge  on  the  surface  of  the 
target.  This  charge  is  almost  certainly  positive  and  will 
be  given  by  the  charge  on  the  incident  ton  plus  the 
charge  due  to  the  escape  of  secondary  electrons. 

2.2.  An  ton  beam 

The  center  of  a  high  current  ion  beam  can  be  mod¬ 
eled  as  a  voltage  source  whose  potential  depends  on  the 


current  density  in  the  beam,  the  neutralization  of  the 
beam  by  electrons  and  the  geometry  of  the  process 
chamber  [5J. 

It  is  u.seful  to  distinguish  three  fluxes  of  electrons. 
First,  those  which  are  injected  from  outside  the  beam 
either  from  an  electron  shower  or  by  emission  from  the 
side  walls  of  the  beam  guide  induced  by  stray  ions. 
These  have  significant  kinetic  energy  when  they  reach 
the  center  of  the  beam,  and  as  such  are  likely  to  escape 
to  the  side  walls  unless  they  can  be  thermalized  by  the 
particles  already  in  the  beam.  Consideration  of  the 
energy  loss  cross  sections  indicates  that  other  electrons 
already  in  the  beam  would  be  much  more  effective  at 
slowing  down  the  injected  electrons,  but  that  at  the 
densities  expected  the  mean  free  path  may  be  several 
beam  diameters.  Second,  electrons  that  are  the  result  of 
ion  beam  collisions  with  thr  residual  gas  and  thus  with 
little  kinetic  energy  at  the  bottom  of  the  potential 
energy  well  formed  by  the  beam.  Either  of  these  first 
two  fluxes  of  electrons  will  reduce  the  beam  potential 
and  also  will  reduce  the  net  charge  on  the  wafer  [1]. 
Third,  there  are  secondary  electrons  produced  by  the 
beam  striking  its  target.  These  electrons  will  also  reduce 
the  beam  potential,  but  if  the  beam  is  striking  the  wafer, 
they  will  increase  the  net  electrical  current  to  the  surface 
of  the  wafer  [2). 

These  are  very  complicated  issues  to  analyze  in  de¬ 
tail.  Some  of  the  important  issues  such  as  the  kinetic 
energy  distribution  of  the  electrons  at  different  posi¬ 
tions  are  very  poorly  understood,  and  may  also  vary  by 


Energy 

Fig.  3.  Equilibnum  charge  on  an  ion  calculated  from  the  Bohr  velocity  matching  equilibrium  condition. 
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several  orders  of  magnitude  depending  on  beam  param¬ 
eters  such  as  species,  energy,  cu.-rent,  etc.  In  the  sim¬ 
plest  assumption,  the  potential  is  zero  ai  the  conducting 
beam  tube  wall  by  definition  and  in  equilibnum  the 
field  is  also  zero.  The  positive  ions  are  presumably  more 
tightly  bunched  than  the  negative  electrons,  but  if  the 
field  is  zero  at  the  wall,  the  total  charge  per  unit  length 
of  beam  line  comes  close  to  canceling.  Given  these 
assumptions,  the  potential  is  positive  everywhere,  even 
in  the  positions  where  the  electron  density  is  higher 
than  the  ion  density,  as  shown  in  fig.  4.  The  peak 
potential  is  a  strong  function  of  the  extent  of  neutraliza¬ 
tion,  the  diameter  of  the  beam  tube  and  relative  diame¬ 
ters  of  the  ion  and  electron  distributions. 

Many  measurements  using  a  variety  of  methods  sup¬ 
port  the  validity  of  these  models.  We  have  made  several 
different  in  situ  measurements  at  Eaton  [1,6,7]  that 
seem  to  confirm  reports  from  other  labs  [2,8-10].  Please 
refer  to  a  parallel  submission  [7]  at  this  conference  to 
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Fig.  4  Sketch  showing  the  relationship  between  the  space 
charge  distribution  and  the  beam  potential. 


see  the  details  of  our  most  recent  in  situ  measurements. 
The  peak  voltages  for  typical  process  parameters  are 
higher  than  the  breakdown  voltages  for  very  thin  gate 
oxides,  and  this  is  why  the  results  of  these  measure¬ 
ments  have  been  suppressed  on  at  least  some  occasions. 

2.3.  Currents  at  the  wafer  surface 

One  of  the  key  observations  we  made  is  that  the 
potential  measured  on  a  small  capacitor  dot  is  essen¬ 
tially  independent  of  the  input  impedance  of  the  mea¬ 
surement  circuit  over  quite  a  wide  range,  and  that  in 
many  instances  we  saw  currents  an  order  of  magnitude 
higher  than  expected  from  the  ion  beam  current  density. 
On  the  wafer  scale,  however,  the  voltages  developed 
.‘.eem  to  be  reasonably  explained  by  arguments  based  on 
current  balances.  Essentially,  the  signal  observed  on  a 
local  scale  (smaller  than  the  beam  dimension)  is  de¬ 
termined  by  the  beam  potential  while  on  a  larger  scale 
(larger  than  the  beam  dimension)  it  is  determined  by 
the  beam  current. 

In  order  to  maintain  potentials  on  the  small  scale,  to 
the  extent  of  sinking  or  sourcing  currents  larger  than 
the  incident  ion  current  on  a  small  area,  we  must 
assume  that  local  currents  flow  quite  readily  close  to  or 
on  the  surface  of  the  wafer.  This  is  quite  a  natural 
conclusion;,  the  volume  close  to  the  target  surface  is  a 
region  of  intense  electrical  activity,  with  many  electrons 
and  secondary  ions.  The  surface  of  the  solid  itself  has 
an  elevated  temperature  and  many  of  the  ionization 
events  produced  in  the  bulk  by  the  ion  beam  may  lead 
to  mobile  charges  that  migrate  to  the  surface  where 
there  is  a  large  density  of  states.  Thus  we  would  expect 
that  an  in  situ  measurement  of  resistance  between  con¬ 
ducting  contacts  separated  by  a  dielectric  surface  would 
show  a  very  low  resistance  while  in  the  ion  beam.  These 
surface  currents  thus  flow  to  maintain  the  potential 
imposed  by  the  beam.  In  the  specific  example  of  a  small 
test  capa:itor  held  at  a  high  potential,  a  large  current 
can  flow  in  an  external  circuit  only  if  electrons  are 
flowing  away  from  it.  either  into  the  weak  plasma  near 
the  surface  or  along  the  surface. 


3.  Breakdown  mechanism 

Studies  of  oxide  failure  in  electneal  tests  have  shown 
two  distinct  classes  of  effects:  some  devices  fail  promptly 
with  characteristics  consistent  with  a  localized  defect 
that  leads  to  a  reduced  breakdown  voltage,  while  other 
devices  have  reduced  reliability  and  break  down  after 
some  period  of  time  in  service.  Recently  among  our 
customers  there  has  been  a  trend  away  from  measuring 
the  breakdown  voltage  ( )  as  a  way  of  characterizing 
the  quality  of  thin  gate  oxides;  rather  it  has  been  found 
that  measurements  that  focus  on  the  charge  per  unit 
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Fig.  5  Micrograph  of  an  array  of  MOS  capacitors  on  test  wafers  In  each  device,  the  metallization  fully  overlays  the  gate  oxide  area 
The  gate  oxide  thickness  was  46  nm,  while  a  field  oxide  of  83  nm  surrounded  the  gate  in  all  cases 


area  that  the  oxtde  can  conduct  before  suffering  irre¬ 
versible  damage  a  parameter  that  relates  more 

directly  to  observed  reliabiitties,  ts  more  useful  in  di¬ 
agnosing  chemical  contamination  in  the  process  and 
represents  the  useful  life  of  the  dielectnc  in  a  more 
meaningful  way  [11] 

The  theoretical  uiio-rpinning  of  the  (Jbj  test  lies  in 
current  theories  of  the  breakdown  mechanism  [12-14]. 
At  these  current  levels,  as  well  as  at  the  current  levels 
expected  in  an  implanter,.  the  oxide  conducts  charge  by 
Fowler-Nordhetm  tunneling  This  is  the  quantum 


mechanical  process  whereby  an  electron  in  the  conduc¬ 
tion  band  of  the  silicon  can  move  to  a  physical  location 
in  the  oxide  where  the  potential  of  the  conduction  band 
IS  the  same  or  lower  than  that  in  the  silicon,  without 
ever  occupying  the  .space  between  and  thus  avoiding 
any  violation  of  the  con.servation  of  energy  [15].  'ine 
current  density  due  to  this  mechanism  varies  exponen¬ 
tially  with  the  voltage,  producing  a  current  density  of 
about  100  pA/cim  with  an  applied  voltage  of  22  V 
through  an  oxide  of  20  nm  [11]. 

This  process  results  in  a  significant  electron  current 
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through  the  oxide  in  the  conduction  band  of  the  oxide. 
These  electrons  generate  point  defects  in  the  oxide, 
possibly  by  charging  sm-'U  cross  section  trapping  sites. 
Once  these  point  defects  have  built  up  to  a  sufficiently 
high  concentration,  a  low  resistance  conduction  path 
opens  up  and  the  oxide  fails  catastrophically. 

The  key  results  of  charge  to  breakdown  testing  is 
that  the  value  of  can  be  very  high  and  quite 
insensitive  to  the  current  used  or  the  thickness  of  the 
oxide  tested.  Typical  results  show  the  same  i2bd 
current  densities  up  to  200  mA/cm^  (16}  or  5  A/cm^ 
[13],  much  higher  than  the  expected  current  densities  in 
a  high  current  implanter  beam.  The  breakdown  is  ob¬ 
served  to  occur  at  charges  per  unit  area  in  the  range 
from  10'*  to  10^'  electrons/cm^  [11,16],  much  greater 
than  the  total  dose  in  an  implanter.  If  the  only  charges 
available  to  cause  damage  to  the  oxides  were  those  in 
the  beam,  even  with  reasonable  allowance  for  secondary 
electron  ejection,  one  would  expect  no  significant  loss 
of  reliability  in  a  high  dose  implant  step. 

3.1.  Test  structure 

In  order  to  investigate  the  mechanisms  leading  to  the 
failures  of  gate  oxides  in  high  current  implanters,  we 
felt  that  It  was  essential  to  develop  a  test  structure  that 


would  allow  investigation  of  the  effects  of  various 
parameters.  We  have  therefore  developed  a  set  of  capa¬ 
citors  as  shown  in  a  micrograph  in  fig.  5. 

The  gate  oxides  were  grown  at  llOO^C  in  an  atmo¬ 
sphere  of  dry  oxygen  with  some  trichloroethane.  The 
average  gate  oxide  thickness  in  our  first  test  was  452  A 
with  a  1.48%  (lo)  variation  within  one  wafer  and  1.76% 
between  wafers.  The  breakdown  voltage  of  these  devices 
before  and  after  implant  was  measured  using  an  Eaton 
Autoprobe  3007  and  Waferspec  using  a  measurement 
protocol  that  ramped  the  voltage  at  a  rate  of  20  V/ms, 
and  recorded  the  voltage  at  which  the  current  exceeded 
10  (lA.  A  total  of  153  measurements  were  made  of  each 
type  of  device  on  each  wafer,  spread  roughly  uniformly 
over  the  whole  area,  but  with  different  individual  dies 
tested  before  and  after  implant.  Breakdown  voltages 
were  measured  directly  after  implant,  with  no  anneal  or 
other  heat  treatment. 

3.2.  Yield  results 

The  implants  were  all  performed  on  an  NV-10  to  a 
dose  of  9.6  X  10'*  As/cm^  at  40  keV  with  a  beam 
current  of  2  mA.  Wafer  no.  1  was  implantedwith  an 
electron  shower  primary  current  of  30  mA,  while  wafer 
no.  2  used  100  mA  and  wafer  no.  3  used  200  mA.  Table 
1  shows  the  median  breakdown  voltages  measured  for 


WAFER  #D1 .  DEVICE  #1 


WITH  FIELD  OXIDE  &  ELECTRO.S  SHOWER  OH 


BREAKDOWN  VOLTAGE  (V) 

□  BEFORE  IMPLANT  +  AFTER  IMPLANT 

Fig.  6  Cumulative  failure  as  a  percentage  of  153  tests  of  device  no.  1  as  a  function  of  voltage,  before  and  after  a  2  mA,  40  keV 
9.6  X 10'*  As  implant.  The  electron  shower  pnmary  current  was  30  mA. 
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WAFER  #D1 ,  DEVICE  #1 
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Fig  7  Cumulative  failure  for  the  case  with  no  electron  shower 
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Fig.  8  Cumulative  failure  as  a  function  of  breakdown  voltage  with  no  electron  shower  on  a  wafer  with  no  field  oxide  The  edge  of  the 

metallization  corresponded  to  the  edge  of  the  46  nm  gate  oxide 


WAFER  #C3,  DEVICE  #1 

HO  riELD  OXIDE  ft  ELECTRON  SHOWER  OEE 


// 

t 

i 

I 

I 

j 

! 

1 

f 

1, 

1 

1 

1  i 

f  rl 

.  — 1 - 1 - 1 - 

III.  THROUGHPUT  &  YIELD 


122 


F.  Sinclair  /  Gate  oxides  m  high  current  implanters 


ten  device  types  on  these  wafers  before  and  after  im¬ 
plant.  The  other  device  types  sjffered  from  poor  con¬ 
tacts  with  the  probe  card  as  detected  by  the  measured 
capacitance,  and  the  data  are  not  shown.  The  average 
breakdown  field  in  these  experiments  was  16.5  MV/cm, 
in  reasonable  agreement  with  high  quality  oxides  pro¬ 
duced  at  other  facilities.  Notice  that  in  the  majority  of 
cases  the  breakdown  voltage  has  increased  following 
implant.  Given  the  relatively  small  voltages  that  are 
generated  by  these  beams  in  our  in  situ  measurements, 
in  the  range  from  8  to  16  V,-  it  is  not  surprising  that  we 
have  suffered  no  loss  in  oxide  quality.  The  apparent 
increase  in  breakdown  voltage  has  been  observed  at 
other  facilities,  and  while  there  is  no  consensus  on  the 
cause  of  this  effect,  it  may  be  due  to  thermal  annealing 
or  some  electrical  analogue. 

Fig.  6  shows  the  cumulative  percentage  of  device 
breakdown  voltages  for  device  no  1  before  and  after 
implant  with  an  electron  shower  primary  current  of  30 
mA.  As  can  be  seen,  there  is  very  little  difference 
between  the  measurements,  indicating  once  again 
negligible  effects  due  to  the  implantation.  Fig.  7  shows 
the  same  results  for  the  case  with  no  electron  shower 
present  at  all.  As  can  be  seen,  about  60%  of  the  devices 
are  dead  shorts,  and  most  of  the  remainder  have  signifi-. 
cantly  reduced  breakdown  voltages.  Under  these  cir¬ 
cumstances.  our  in  situ  measurements  show  very  high 
beam  potentials,  of  the  order  of  a  hundred  volts.  In  this 
ca.se.  we  u.sed  two  different  types  of  wafers.  One  used  a 
field  oxide  83  nm.  while  the  other  had  only  a  single 
oxide  thickne.ss  of  46  nm  As  can  be  seen,  we  find 
significant  degradation  in  the  example  with  a  field 
oxide,  but  very  little  loss  of  quality  in  the  case  with  no 
field  oxide  This  observation  does  fit  the  model  devel¬ 
oped  in  the  earlier  section.  Given  the  .same  beam  poten¬ 
tial  in  front  of  the  device,  the  case  with  the  thinner  field 
oxide  will  sink  more  current  to  the  wafer  along  the 
surface.  Because  of  the  more  effective  current  sink  in 
the  case  with  the  thinner  field  oxide,  the  potential 
across  the  gate  oxide  (which  was  the  .same  thickness  in 
both  cases)  is  reduced  and  the  occurrence  of  a  destruc¬ 
tive  breakdown  is  much  less. 

These  results  are  only  the  initial  experiment  with  this 
type  of  structure,  and  further  work  must  investigate  the 
effects  of  thinner  gate  oxides,  and  the  na.ure  of  the 
surfaces  that  are  in  the  beam  at  the  same  time  as  the 
test  device.  Work  is  also  progressing  to  develop  a  charge 
to  breakdown  test  which  may  be  much  more  informa¬ 
tive  about  subthreshold  effects  on  the  oxides. 


4.  Discussion 

The  model  developed  here  would  sugge.st  that  the 
expected  yields  on  real  devices  are  neither  0  nor  1(X)%, 
but  lie  somewhere  between  these  two  extremes.  Im- 


planter  manufacturers  should  continue  to  develop  im¬ 
proved  charge  control  systems  to  serve  two  intersecting 
goals;  first  to  add  electrons  to  the  beam  to  minimize  the 
net  charge  delivered  by  the  beam  so  that  large  area 
conducting  components  do  not  collect  enough  charge  to 
produce  voltages  high  enough  to  produce  discharges 
from  the  wafer  to  ground,  and  second  to  sufficiently 
neutralize  the  space  charge  of  the  beam  and  control  its 
spatial  dimensions  so  that  the  electrostatic  beam  poten¬ 
tial  Itself  does  not  rise  to  levels  much  above  the  break¬ 
down  strength  of  the  gate  oxides.  In  either  case,  it  is 
important  to  realize  that  large  potential  voltages  are 
only  dangerous  if  they  can  deliver  significant  net  charge 
per  unit  area  through  the  oxide. 

Several  experiments  could  be  useful  in  confirming 
this  model.  An  in  situ  resistance  measurement  across 
the  surface  of  the  wafer  as  it  passes  through  the  beam 
would  be  a  very  direct  way  of  evaluating  the  current 
carrying  capacity  of  different  surfaces.  More  yield  stud¬ 
ies  with  a  range  of  different  field  and  gate  oxide  thick¬ 
nesses.  extending  down  to  less  than  10  nm,  would  allow 
experimentation  with  device  structures  that  might  de¬ 
liberately  drain  any  excess  charge  on  the  gate  to  the 
substrate  during  the  implant  step.  This  might  lead  to  an 
approach  to  device  layout  and  design  with  charging 
damage  prevention  built  in. 

In  the  future,  we  can  look  forward  to  a  much  greater 
emphasis  on  in  situ  monitoring  to  monitor  conditions  in 
the  impianter  in  real  time.  These  might  be  u.sed  to 
stabilize  the  net  current  transported  to  the  wafer  or  the 
beam  potential.  We  can  probably  al,<i  look  forward  to 
continued  anxiety  and  heated  debate  on  this  topic.- 
while  integiated  circuit  manufacturers  continue  to  pro¬ 
duce  useful  devices. 
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Shrinking  device  oimensions  enhance  the  susceptibility  of  the  devices  to  defects  in  the  electrically  active  regions  of  the  silicon 
substrate  and  the  gate  oxide  Typical  harmful  defects  are  discussed  which  may  occur  in  micron  and  submicron  silicon  technology  if 
processes  are  not  optimized.  Ion  implantation  is  involved  in  the  formation  of  most  of  those  defects  Since  economic  mass  production 
of  devices  in  VLSI  (very-large-scale  integration)  requires  overall  defect  density  levels  below  1  cm  strategies  and  remedies  for 
reducing  defect  densities  are  a  major  task  Some  recently  developed  techniques  for  the  characterisation  and  monitoring  of  defects  and 
metal  contamination  are  described 


1.  Introduction 

The  progress  in  silicon  microelecirontcs  technology 
IS  still  vigorous,  even  in  the  very-large-scale  integration 
(VLSI)  era.  Advancing  miniaturization  combined  with 
increasing  packing  density  and  fabrication  on  silicon 
substrates  with  larger  diameters  (150  and  200  mm)  still 
provide  continuous  cost  reduction  in  terms  of  cost  per 
bit  of  semiconductor  memories  In  the  case  of  MOS 
memory  technology  the  progress  was  also  facilitated  by 
a  number  of  important  innovations  which  pu.shed  pack¬ 
ing  density  or  helped  to  overcome  problems  inherent  to 
micron  and  submicron  devices  such  as  hot  electron 
effects  [1].  Important  examples  of  such  innovations  are 
the  trench  capacitor  and  the  stacked  capacitor,-  the 
multilayer  dielectric  [oxidc/nitride/oxide  (ONO)|,  the 
fully  overlapping  direct  contact  and  the  /ightly  </oped 
r/rain  (LDD)  transistor.  However,  those  innovations 
drastically  increased  the  process  complexity  -  the  fabri-- 
cation  of  the  4M  (megabit)  DRAM  (dynamic  random- 
access  memory)  needs  more  than  4(X3  proce,ss  steps  - 
and  required  novel  processes  such  as  etching  of  deep 
trenches  (5  pm)  into  the  silicon  substrate  [2]. 

On  the  other  hand,  the  ongoing  miniaturization  of 
structures  and  enlargement  of  chip  sizes  (90  mm^  for 
the  4M,  140  mm^  for  the  16M  DRAM)  enhance  the 
susceptibility  of  the  devices  to  detrimental  crystallo¬ 
graphic  defects  in  the  silicon  substrate  and  defects  in 
the  gate  dielectric  films  (3-6).  Moreover,  the  scenario  of 
detect  lormation  in  VLSI  becomes  more  and  more 
complex  due  to  the  increasing  process  complexity..  De¬ 
fect  formation  has  to  be  considered  as  a  synergetic 
action  of  driving  forces  and  potential  defect  nucleation 
sites  from  various  sources:  e.g.,  mechanical  stresses  by 
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temperature  gradients  or  films,  supersaturations  of  in¬ 
trinsic'  point  defects  and  impurities  (dopants,  oxygen, 
metallic  contaminants),  residual  lattice  damage  from 
ion  implantation  and  dry  etching. 

By  contrast,  economic  mass  production  of  VLSI 
devices  requires  overall  defect  density  levels  below  1 
cm  '.  Therefore,  strategies  and  remedies  for  reducing 
defect  densities  are  a  major  and  continuous  task  in  the 
development  and  production  of  large  volume  devices 
.such  as  memories  This  task  comprises  monitoring  and 
analysis  of  defects,  exploration  of  defect  sources  and 
defect  generation  mechanisms  and  the  development  and 
realization  of  measures  for  defect  prevention  (“defect 
engineering”)  It  requires  also  the  availability  of  ap¬ 
propriate  diagnostic  techniques  and  tools  for  the  moni¬ 
toring  and  characterisation  of  defects  and  contamina¬ 
tion  at  a  routine  level. 

In  the  following  we  discuss  some  typical  examples  of 
crystallographic  defects  in  the  silicon  substrate  and  gate 
oxide  which  can  occur  in  VLSI  technology  if  processes 
and  materials  are  not  optimized.  Emphasis  is  given  to 
the  I'scussion  of  defects  in  the  formation  of  which  ion 
implantation  plays  a  prominent  role.  Finally,  some  re¬ 
cently  developed  techniques  and  tools  for  the  monitor¬ 
ing  and  characterisation  of  defects  and  metal  con¬ 
tamination  will  be  dealt  with 


2.  ion-implantation-induced  stacking  faults 

For  the  sub-gm  integrated  circuits  the  problem  of 
punching,  e.g.,  trench- trench  punching  for  DRAM  de¬ 
vices,  becomes  more  and  more  important.  The  punching 
can  be  reduced  by  an  enhancement  of  the  n-  and  p-type 
doping  levels,  which  can  be  put  into  practice  by  an 
increase  of  the  ton  implantation  doses  for  the  well 
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Fig.  1  lon-Implantation-induced  stacking  faults  on  p-  and  n-well  regions  revealed  by  defect  etching  (200  X ).  (a)  Stacking  faults  of 
high  density  are  formed  during  unsuitable  annealing;  (b)  no  visible  defects  (  <  1  cm"^)  are  found  for  optimized  annealing  conditions. 


regions.  An  investigation  of  the  well  formation  process 
by  defect  etching  points  to  the  boron  implantation  as 
the  most  critical  process  in  this  context. 

It  was  found  that  the  ion  implantation  damage  left 
by  boron  doses  of  several  lO'’  cm'^  can  induce  the 
formation  of  stacking  faults  during  the  subsequent 
drive-in,  if  the  anneal  conditions  are  not  optimized  (fig. 
1).  Since  a  whole-wafer  boron  implantation  prior  to  the 
n-well  phosphorus  implantation  was  used  in  our  expen- 
ments,  stacking  faults  are  formed  during  the  drive-in 
also  on  the  n-well  regions  (fig.  1).  The  formation  of 
stacking  faults  and  dislocation  loops  after  boron  im¬ 
plantation  and  annealing  at  high  temperatures  (1000- 
12(X)°C)  was  also  reported  in  [9],  the  growth  of  these 


Fig.  2.  Stacking  fault  density  on  p-well  regions  as  a  function  of 
the  boron  dose:  e,  standard  process;  2  improved  process. 


defects  was  attributed  to  the  oxidation  during  the  an¬ 
neal  treatment  in  that  case. 

For  standard  drive-in  conditions  we  observe  an  in¬ 
crease  in  the  stacking  fault  density  with  increasing 
boron  dose  (fig.  2).  For  doses  below  about  2  X  lO*'’ 
cm"*  the  stacking  fault  density  is  very  small  and  inde¬ 
pendent  of  the  drive-in  conditions.  For  boron  doses 
above  =  3  X  10'^  cm"^,  on  the  other  hand,  the  stacking 
fault  density  increases  rapidly  for  unsuitable  dnve-in 
conditions,  reaching  very  high  values  of  about  10^  cm"^ 
for  doses  of  6  X  10’^  cm“^.  Nevertheless,  even  for  the 
highest  investigated  boron  doses  the  defect  density  can 
be  reduced  to  negligible  values  (<  1  cm~^)  by  optimiz¬ 
ing  the  annealing  conditions  during  the  drive-in  (fig.  2). 


3.  Electrical  activity  of  Fe-decorated  stacking  faults 

It  IS  well-known  that  stacking  faults  can  significantly 
degrade  the  electrical  parameters  of  semiconductor  de¬ 
vices  such  as  generation  lifetime  [10]  or  junction  leakage 
current  [11].  It  is  generally  found  iliat  the  influence  of 
stacking  faults  on  electrical  parameters  is  mainly  de¬ 
termined  by  the  amount  of  decoration  with  metallic 
impurities,  i.e.,  the  electrical  activity  of  stacking  faults 
increases  with  increasing  impurity  decoration. 

To  examine  the  influence  of  stacking  fault  decora¬ 
tion  directly,,  we  performed  deep-level  transient  spec¬ 
troscopy  (DLTS)  and  current-voltage  (I-V)  measure¬ 
ments  on  Schottky  diodes  containing  oxidation  induced 
■Stacking  faults  (OSF)  and  different  amounts  of  iron. 
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For  this  purpose  a  high  density  of  OSFs  (several 
times  10*’  cm”^)  was  created  in  a  controlled  manner  by 
oxidation  of  mechanically  damaged  p-type  wafers  [12]. 
Various  degrees  of  iron  decoration  were  realized  by 
contaminating  samples  with  iron  on  the  wafer  backside 
prior  to  oxidation.  This  results  in  contamination  levels 
which  are  about  1-2  orders  of  magnitude  higher  than 
the  contamination  of  as-received  state  of  the  art  wafers. 

For  clean,  i.e.,  not  intentionally  decorated  stacking 
faults  DLTS  measurements  revealed  a  characteristic 
level  with  an  activation  energy  of  £„  +  0.50  eV  which  is 
associated  with  the  boundary  dislocation  of  the  stacking 
faults  [13].  For  samples  with  Fe-decorated  stacking 
faults  the  deep  level  spectra  show  neither  an  increase  of 
the  stacking  fault  line  amplitude  nor  additional  OSF- 
and  Fe-related  Unes. 

Results  of  I-  V  measurements  on  Schottky  diodes  as 
simple  test  devices  are  shown  in  fig.  3.  For  samples 
containing  only  clean  stacking  faults  (3  X  10*  cm"^. 
[Fe]  <  lO”  cm“^)  or  dissolved  iron  (up  to  several  lO'^ 
cm"^)  no  enhancement  of  the  reverse  current  of  the 
Schottky  diodes  compared  to  reference  diodes  was  ob¬ 
served.  By  contrast,  for  diodes  which  contained  stacking 
faults  and  iron,  a  strong  increase  of  the  reverse  current 
was  found  (fig.  3).  The  reverse  current  enhancement 
increases  with  increasing  iron  concentration  (fig.  4),  i.e., 
increasing  impunty  decoration  of  the  stacking  faults. 

Measurement  of  the  Schottky  bamer  heights  show  a 
drastic  decrease  of  this  quantity  from  about  0.5  eV  for 
reference  diodes  to  about  0.3  eV  for  diodes  with  heavily 
decorated  stacking  faults.  It  appears  that  this  reduction 
of  the  Schottky  barrier  is  the  main  reason  for  the 
enhancement  of  the  reverse  current,  although  a  contn- 
bution  of  generation  currents  induced  by  stacking  fault 
decoration  cannot  be  unambiguously  excluded. 


Fig.  3  Current-voltage  characteristics  of  Ti  Schottky  diodes, 
(a)  Reference  diode;  similiar  curves  were  measured  for  diodes 
containing  only  clean  stacking  faults  (3x10*  cm' or  only 
dissolved  iron  (up  to  several  10'^  cm"’);  (b)  diode  containing 
stacking  faults  (3  x  10*  cm  "  ^ )  and  iron  (8  x  10'^  cm“  *). 


Fig.  4.  Reverse  current  at  15  V  for  Schottky  diodes  containing 
3x10*  stacking  faults/cm^  as  a  function  of  the  iron  con¬ 
centration  measured  by  DLTS. 


In  summary,  these  results  clearly  demonstrate  that 
clean  stacking  faults  have  only  a  negligible  influence  on 
electrical  parameters  of  devices  and  that  they  become 
much  more  detnmental  to  devices  by  impurity  decora¬ 
tion. 


4.  Defects  induced  by  ion  implantation  at  mask  edges 

The  scaling  down  of  VLSI  devices  requires  the  defi¬ 
nition  of  small  doped  areas  in  the  silicon  substrate. 
Those  are  usually  fabricated  by  selfalignment  tech¬ 
niques  based  on  ion  implantation  ri  the  dopant.  In  the 
case  of  MOS  transistors  the  polysilicon  gate  acts  as 
implantation  mask  for  the  iniplan'ation  of  the 
source/drain  regions.  In  order  to  reduce  hot-electron 
problems  of  micion  and  submicron  size  MOS  tran¬ 
sistors,  a  modification,  the  so-called  lightly  doped  drain 
(LDD)  transistor,  has  been  introduced.  For  the  LDD 
transistor  two  implantations  are  necessary:  First,  a 
phosphorus  implantation  masked  by  the  polysilicon  gate 
provides  the  lightly  doped  drain  region,  second,  an 
arsenic  implantation  masked  by  a  so-called  (oxide) 
spacer  forms  the  highly  doped  source/drain  contact 
region.  After  the  implantations  one  or  several  high-tem¬ 
perature  annealing  steps  are  applied  for  electrical 
activation  of  the  dopant  atoms  and  for  removal  of  the 
implantation  lattice  damage. 

It  is  known  that  As  implantations  exceeding  doses  of 
5  X  10'^  atoms/cm^  create  a  buried  amorphous  layer. 
At  the  edge  of  the  oxide  spacer,  due  to  the  steep  side 
walls  the  high-dose  implanted  region  terminates 
abruptly,  resulting  in  a  sharply  curved  amorphous/ 
crystalline  interface..  During  annealing  the  amorphous 
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layer  vanishes  by  an  epitaxial  regrowth  process  restor¬ 
ing  the  original  lattice.  It  has  been  observed  [14,15]  that 
extended  lattice  defects  can  be  created  in  the  silicon 
beneath  the  spacer  edges  in  the  case  of  non-optimized 
processing.  In  extensive  studies  by  transmission  electron 
microscopy  (TEM)  [14,15]  the  formation  sequence  of 
those  defects  has  been  elucidated.  The  majority  of  de¬ 
fects  has  been  identified  as  vacancy-type  dislocation 
half  loops,  some  more  complicated  defect  configura¬ 
tions  turned  out  to  be  microtwins.  The  formation  of 
those  defects  is  described  by  a  model  that  is  based  on 
the  different  epitaxial  regrowth  rates  for  different  sub¬ 
strate  lattice  plane  orientations  [16]. 

Such  defects  created  at  spacer  edges  can  act  as 
dislocation  sources  in  subsequent  process  steps  and 
provide  sinks  for  metal  precipitation.  These  defects  can 
degrade  device  characteristics  via  enhanced  .^akage  cur¬ 
rents  and  give  rise  to  reliability  problems  T  they  extend 
into  active  device  regions.  By  optimisation  of  the  im¬ 
plantation  and  annealing  conditions  the  formation  of 
those  defects  has  been  prevented. 

5.  Ion  implantation  damage  and  gate  oxide  breakdown 

It  IS  common  practice  to  enhance  the  capacitance  of 
MOS-devices  by  a  high-dose  arsenic  lon  implantation 
(“HiC”  implantation).  The  breakdown  voltage  can  be 
severely  reduced  by  ion  implantation  damage,  as  is 
demonstrated  in  the  following  example,  in  which  the 
breakdown  field  for  arrays  of  large-area  test  capacitors 
with  20  nm  thermally  grown  oxide  was  tested  in  a 
ramped  voltage  test  [17]. 

-  The  test  capacitors,  which  did  not  receive  any  ion 
implantation,  break  down  at  an  electnc  field  larger 
than  or  equal  to  about  10  MV/cm  (intrinsic  mode  or 
so-called  “C-mode”)  [17]  (fig.  5a). 

-  A  large  fraction  of  the  test  capacitors  with  As  im¬ 
plantation  breaks  down  at  an  electnc  field  strength 


much  smaller  than  10  MV/cm  (B-mode  failure)  (fig. 
5b).  Since  such  n  poor  gate  oxide  quality  is  quite 
unacceptable  for  an  advanced  highly  integrated 
CMOS  device,  the  process  had  to  be  improved. 

-  The  breakdown  strength  of  the  ion-implanted  test 
capacitors  is  practically  identical  to  that  of  the  unim¬ 
planted  ones  (a)  after  the  process  improvement  (fig. 
5c). 

It  is  a  general  experience  that  frequently  the  ion 
implantations  necessary  for  devices  are  close  to  or  above 
a  threshhold  for  defect  formation  with  residual  ion 
implantation  damage  as  nuclei.  Process  modifications  to 
reduce  or  eleminate  the  incidence  of  ion  implantation- 
correlated  defects  can  be  manifold,  e.g.,  improvement  of 
the  annealing  conditions,  modification  of  the  ion  im¬ 
plantation  energy,  improvements  in  the  cleanliness  of 
the  process,  etc. 

6.  Trench-induced  dislocations 

The  problem  of  oxide-edge  induced  dislocations  due 
to  stress  concentration  at  the  film  edge,  has  plagued 
integrated-circuit  technology  nght  from  the  beginning 
and  has  been  held  at  bay  by  a  variety  of  process 
optimizations,  e.g.,  change  of  oxide  and  nitride  thick¬ 
nesses,  oxidation  temperatures,  ramping  furnaces  from 
a  low  stand-by  temperature  up  to  the  desired  annealing 
temperature,  etc. 

With  the  introduction  of  three-dimensional  devices, 
e.g.,.  trench  capacitors  in  4M  DRAMS  [4.11,19]  a  new 
problem  has  arisen,  namely  the  formation  of  disloca¬ 
tions,  e.g ,  at  the  substrate  corners  of  the  trench  capaci¬ 
tors:  typically,  these  dislocations  run  from  the  substrate 
.surfaces  adjacent  to  the  trenches  to  a  trench  sidewall 
(fig.  6).  but  it  has  also  been  observed  with  the  help  of  a 
3-diinensional  preparation  technique  [20]  that  disloca¬ 
tions  run  from  a  trench  sidewall  to  the  sidewall  of  an 
adjacent  trench  or  that  dislocations  originate  at  the 


Fig  5.  Voltage  ramp  dielectric  breakdown  test  curves  for  MOS  test  structures.  The  breakdown  voltage  is  defined  as  the  voltage  for 
which  the  current  exceeds  10”’ A.  (a)  No  ion  implantation,  (b)  with  implantation:  (c)  with  the  same  implantation  as  for  (b)  and  an 

improved  process. 
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Fig.  6  SEM-micrograph  of  etch  pits  due  to  a  trench-induced 
dislocation.  The  two  dislocation  etch  pits  on  the  substrate 
surface  and  in  the  trench  sidewall  are  marked  by  arrowheads. 


bottom  comer  of  a  trench  (fig.  7).  Finite-element  calcu¬ 
lations  [21]  of  the  stress  at  different  positions  around  a 
trench  have  indeed  shown  that  maximum  stress  arises  at 


Fig.  7.  Three-dimensional  defect  delineation  of  trench-induced 
dislocation  (SEM-micrograph).  The  defect  marked  A  onginates 
near  the  bottom  of  the  trench,  defect  B  connects  two  trenches. 


Fig.  8.  Example  of  a  calculated  shear  stress  distnbution  around 
a  trench  with  an  oxide  sidewall  and  which  is  filled  by  poly-Si 
(after  ref.  [21]).  Note  the  stress  maximum  occurs  near  the 
bottom  of  the  trench. 


the  upper  substrate  corners  and  at  the  bottom  of  the 
trench  (fig.  8),  and  that  the  magnitude  of  the  stress 
depends  sensitively  on  the  trench  shape,  e.g.,  a  stress 
minimum  is  assumed  for  a  radius  of  curvature  equal  to 
half  the  trench  diameter.  Micro-Raman  stress  measure¬ 
ments  have  moreover  shown  that  the  stress  can  be 
reduced  by  a  BPSG  (boron  phosphorus  silicate  glass) 
refill  of  the  trench  instead  of  the  more  common  poly  Si 
refill. 

Since  trench-induced  dislocations  cause  refresh- 
failure  of  the  affected  memory  cells  [11]  process  modifi¬ 
cations  and  optimizations  have  been  carried  out  to 
prevent  the  formation  of  trench-induced  dislocations. 


7.  Analysis  and  monitoring  techniques  for  defects  and 
metal  contamination 

Appropriate  analytical  techniques  and  tools  are  im¬ 
portant  prerequisites  to  analyse  and  solve  defect  prob¬ 
lems  and  to  control  low  defect  levels  in  VLSI  technol¬ 
ogy.  Whereas  in  the  development  stage  of  a  technology 
and  in  the  case  of  trouble  shooting  also  sophisticated 
techniques  are  used  to  some  extent,  for  monitoring 
purposes  the  techniques  have  to  be  rather  simple,  fast, 
preferably  nondestructive  and  preparation-free  and  sui¬ 
table  for  automated  operation  in  cleanroom  environ¬ 
ment. 

In  the  following  we  discuss  examples  of  recently 
developed  analytical  techniques  which  to  a  large  extent 
meet  the  requirements  imposed  on  monitoring  tech¬ 
niques. 

7.J.,  Crystallographic  defect  imaging  by  spatially  resolved 
modulated  optical  reflection  ("thermawave  imager") 

The  most  frequently  applied  analytical  technique  to 
detect  extended  crystal  defects  is  defect  etching  [22-24], 
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Fig.  9.  Imaging  of  Ni-precipitates  in  intentionally  contaminated  CZ-Si.  (a)  Schematics  of  the  geometry  of  NiSii  precipitates,  (b) 
optical  micrograph  after  30  s  defect  etching;  (c)  “Thermawave”  image. 


Fig.  10.  Imaging  of  oxidation-induced  stacking  faults  intentionally  contaminated  by  Ni.  (a)  "Thermawave”  image;  (b)  optical 

micrograph  after  60  s  defect  etching. 
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whereas  transmission  electron  microscopy  is  only  used 
in  special  cases  due  to  the  large  amount  of  preparation 
necessary.  The  third  more  common  technique  is  trans¬ 
mission  X-ray  topography  [25]  which  is  preparation-free 
but  has  limited  spatial  resolution  (S-10  )tm)  and  is  not 
sensitive  to  crystal  defects  near  the  surface. 

Quite  recently,  the  modulated  optical-reflectance 
technique  (“thermawave”)  [26]  has  been  improved  in 
spatial  resolution  to  such  a  degree  that  it  is  possible  to 
record  scanned  .hermawave  images  with  a  spatial  reso¬ 
lution  of  the  order  of  0.5  fim.  First  tests  have  shown 
that  crystal  defects  are  imaged  and  that  the  images  are 
to  a  certain  degree  similar  to  the  etch  figures  obtained 
after  crystal  defect  etching  [27],  as  shown  in  the  follow¬ 
ing  two  examples 

(1)  Ni  precipitates  are  usually  in  the  shape  of  plate¬ 
lets  of  NiSij  on  (lll}-planes,  which  intersect  the  (100) 
wafer  surface  in  (110)  directions  (fig  9a).  Hence  the 
etch  figures  are  lines  along  (110)  and  resemble  those  of 
stacking  faults  (fig.  9b).  The  thermawa"e  image  of  the 
same  defects  recorded  before  defect  etching  is  indeed 
very  similar  to  the  etch  figure  (fig.  9c)  and  it  is  even 
possible  to  de.ermine  to  which  side  of  the  intersection 
with  the  surface  the  plate-like  precipitate  is  inclined. 

(2)  Ni-con  laminated  oxidation-induced  stacking 
faults  are  imaged  in  a  clearly  different  manner  as  the 
precipitates  (fig.  10a);  the  defect  image  resembles  that 
of  a  banana,  and  it  appears  that  mainly  the  decorated 
boundary  dislocation  gives  rise  to  a  much  larger  signal 
than  the  fault  plane.  Again  there  is  a  good  correspon¬ 
dence  to  the  defect  etch  figures  (fig.  10b). 

The  main  advantage  of  the  thermawave  technique 
compared  to  conventional  techniques  is  that  it  is  com¬ 
pletely  preparation-free  and  fully  in-line  compatible. 
Therefore  checking  for  crystal  defects  could  be  an  appli¬ 
cation  of  the  technique  in  addition  to  the  main  routine 
application  to  measure  ion  implantation  doses  before 
annealing  via  the  ion  implantation  damage  [28], 

7,2.  Bulk  metal  contamination  control  via  diffusion  length 
measurements  by  surface  photovoltage  (SPV)  and  electro¬ 
lytic  metal  tracer  (Elymat) 

Dissolved  impurities  in  the  bulk  can  be  monitored 
easily  and  fast  by  minority  carrier  diffusion  length 
measurements.  Among  these  methods  a  very  powerful 
tool  is  a  combination  of  two  recently  developed  tech¬ 
niques,  namely  the  Elymat  [29]  for  recording  diffusion 
length  maps  and  the  surface  photovoltage  (SPV)  method 
for  Fe  detection  in  boron-doped  silicon  [30]. 

A  high-resolution  wafer  map  of  the  diffusion  length 
is  provided  by  the  Elymat.  This  often  allows  for  a  direct 
identification  of  the  contamination  source  by  revealing 
its  characteristic  contamination  pattern.  An  example  is 
given  in  fig.  11  which  shows  a  diffusion  length  map  of  a 
4  in.  wafer  after  ion  implantation  and  a  rapid  anneal 


too  .as  300 |im 


Fig  11.  Elymat  diffusion  length  map  of  a  4  in.  wafer  con' 
laminated  by  a  manual  implanter  loading  system. 


drive-in  step.  In  this  case  the  observed  contamination 
pattern  was  due  to  the  manual  loading  system  of  the 
implanter. 

Fe  detection  by  the  SPV  method  is  based  on  the  fact 
that  in  boron-doped  silicon  interstitial  iron  undergoes  a 
reversible  pairing  reaction  with  boron  and  that  intersti¬ 
tial  iron  is  an  about  ten  times  more  efficient  recombina¬ 
tion  center  than  FeB.  The  modulation  of  the  diffusion 
length  induced  by  iron  in  the  different  states  is  used  to 
determine  the  Fe  concentration.  By  SPV  measurements 
on  the  same  wafer  as  shown  in  fig.  11  it  was  ascertained 
that  iron  was  the  contaminating  species,  i.e.,,  the  Elymat 
diffusion  length  map  reflects  mainly  the  distribution  of 
iron.  Up  to  6  X  10’^  cm"’  iron  was  found  in  regions 
with  small  diffusion  length,  whereas  the  iron  concentra¬ 
tion  was  less  than  «  3  X  10''  cm"’  in  the  other  wafer 
parts. 

7..?.  Surface  metal  contamination  control  by  total  reflec¬ 
tion  X-ray  fluorescence  analysis  (TXRF)  in  combination 
with  vapour  phase  decomposition  (VPD) 

In  many  processes  of  device  fabrication  and  by 
handling  of  the  wafers  metal  impurities  are  deposited 
on  the  surfaces  (front  side,  back  side)  of  the  silicon 
wafers.  For  a  direct  control  of  surface  contamination, 
e.g.,  for  checking  the  effectiveness  of  cleaning  proce¬ 
dures,  VPD  in  combination  with  atomic-absorption 
spectroscopy  (AAS)  has  been  in  routine  use  for  several 
years  [31].  VPD  is  a  preconcentration  technique;  the 
wafer  surface  is  exposed  to  HF  vapour  which  dissolves 
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the  native  or  thermal  surface  oxide.  The  metal  impuri¬ 
ties  are  concentrated  in  the  resulting  condensate  drop¬ 
let.  Subsequently  in  the  droplet  usually  onl^  a  few  key 
elements  are  analyzed  quantitatively  by  AAS  (sensitivity 
typically  10’  to  10'®  atoms/cm^).  The  typical  con¬ 
tamination  levels  of  current  processes  and  virgin  wafers 
distinctly  exceed  these  detection  limits.  TXRF  alone 
which  is  a  preparation-free  and  multielement  method 
lacks  in  sensitivity  (depending  on  the  equipment  detec¬ 
tion  limits  between  10'®  to  lO"  atoms/cm^)  (32). 

Recently,  VPD  has  been  combined  with  TXRF 
(33,34)  by  analyzing  the  droplet  residue  by  TXRF  in¬ 
stead  of  AAS.  Depending  on  the  wafer  diameter  which 
determines  the  preconcentration  factor,  detection  limits 
can  be  lowered  to  10*  atoms/cm^.  These  are  the  metal 
contamination  levels  specified  in  Japan  for  virgin  200 
mm  wafers  used  for  devices  of  the  64M  generation. 
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A  survey  of  implant  particulate  process  control  and  yield  effects  * 

L.A.-  Larson  ' 

National  Semiconductor  Corporation,  Santa  Clara,  CA,  USA 


This  paper  is  a  review  of  current  work  to  improve  particulate  control  in  ion  implantation  equipment  The  first  section  includes 
current  published  research  work  which  will  be  outlined  and  summarized.  The  second  section  focusses  on  work  performed  at  National 
Semiconductor  Corporation  on  testing  and  implementing  an  in  situ  particle  monitonng  system.  The  first  equipment  test  consisted  of 
a  single  monitor  mounted  in  a  medium  current  implanter.  This  test  indicated  that  the  particle  signal  correlated  to  surface  scan 
monitor  tests  and  that  operating  characteristics  of  the  ion  implanters  which  produce  particles  were  observable.  Our  followup  effort 
was  an  implementation  of  the  in  situ  counters  on  all  the  implanters  as  a  single  particle  counting  system  for  the  fab  The  result  of  this 
work  was  a  pareto-hke  analysis  of  machine  and  process  issues  which  result  in  particle  events.  A  correlation  of  lot-specific  particle 
counts  to  yield  was  also  developed  The  advances  m  machine  particulate  control  are  contrasted  with  the  needs  and  trends  in  process 
development  Although  the  advances  in  particulate  control  have  been  excellent,  the  predicted  future  requirements  are  even  more 
stringent  The  implications  of  these  needs  on  both  particulate  performance  and  measurement  are  discussed 


I.  Introduction 

Particulate  control  is  widely  recognized  as  one  of  the 
primary  concerns  in  achieving  higher  yields  in  the  ton 
implantation  steps  of  semiconductor  processing.  Early 
analog  and  bipolar  implant  process  flows  would  only 
have  one  to  three  implant  steps,  the  critical  area  for 
particle  contamination  would  be  small  and  there  would 
be  a  large  number  of  die.  All  of  these  lead  to  low  impact 
of  particulate  contamination.  Present  day  development 
processes  for  submicron  CMOS  include  10-15  implant 
steps,  with  a  small  number  of  die  and  large  values  of  the 
critical  area  These  make  particulate  contamination  dur¬ 
ing  implant  an  increasing  concern. 

Several  excellent  reviews  of  particulate  detection  and 
control  have  been  presented  in  the  literature  [1-3]. 
Several  papers  discuss  specifically  the  generation  and 
monitoring  of  particles  in  semiconductor  processing 
equipment  [4-6],  Another  topic  that  is  broadly  treated 
IS  particle  control  and  reduction  in  semiconductor 
processing  (7-9).  It  is  the  intent  of  this  paper  to  supple¬ 
ment  the.se  reviews  more  than  it  is  to  cover  the  field 
totally. 

There  are  multiple  effects  that  occu;  when  a  particle 
comes  to  rest  in  an  active  area  of  a  semiconductor 
device.  These  are  shown  schematically  m  fig.  1.  The 
primary  impact  of  the  particle  during  implant  is  that  it 
shields  the  covered  portion  of  the  device  from  the 
implant.  Implantation  depths  generally  range  from  a 


few  hundred  r.ngstroms  to  about  seven  thousand 
angstroms,  at  the  maximum  for  standard  processing. 
The  linewidths  of  the  circuit  may  also  range  as  low  as 
seven  thousand  angstroms.  It  is  not  surprizing  then,  that 
a  particle  of  three  thousand  angstroms  (the  lowest  value 
we  can  reliably  measure)  can  block  the  implant  and 
seriously  degrade  the  performance  of  the  circuit  through 
shorting  (or  opening)  the  junction  Secondary  effects 
that  may  also  occur  are  that  contaminants  may  be 
released  from  the  particle  by  sputtering  during  the 
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'  Presently  with  Sematech,  2706  Montopolis  Drive.  Austin.  Fig.  1  Effects  due  to  a  “killer”  particle  on  an  opening  m  a 
TX  78741  USA.  circuit  (after  ref  (!]) 
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implant  or  by  sintering  during  the  following  anneal 
step. 

The  effect  of  particulate  contamination  on  final  yield 
of  the  wafer  is  described  by  a  relationship  called 
Murphy’s  Lav/.  It  states  that  the  yield  on  a  water  (T)  is 
dependent  on  the  product  of  the  defect  density  (D)  and 
on  the  critical  area  of  the  die  (A)  as  by  the  following 
relationship: 

y=  Y^[{\-txp{-AD))/AD\\ 

This  relationship  is  shown  in  fig.  2  for  .several  of  the 
important  technologies  processed  today.  At  low  defect 
densities  the  yield  loss  is  nearly  linear  following  the 
ratio  the  number  of  defects  to  the  number  of  die.  At 
higher  densities  this  effect  mollifies  somewhat,  because 
the  number  of  die  available  that  have  not  already  been 
affected  is  greatly  reduced.  As  shown  in  fig.  2,  this  is  a 
difficult  trend  to  follow’  as  the  newer  technologies  de¬ 
velop.  The  older  bipolar  technologies  featured  a  few 
thousand  die  on  a  wafer  with  linewidths  over  ten  mi¬ 
crons.  Murphy’s  law  is  kind  to  these  processes  as  the 
critical  area  is  small  and  the  number  of  die  is  large. 
Thc.sc  are  the  nearly  straight  lines  denoted  as  Analog 
and  as  TTL/ECL.  The  trend  for  advancing  CMOS 
technologies  is  shown  in  the  low'er  portion  of  the  same 
chart.  Early  estimates  of  the  layout  for  64  Mbit  DRAMs 
indicates  that  a  200  mm  wafer  will  contain  about  300 
die  at  linewidths  of  about  0.5  nm  [11].  Murphy’s  law 
indicates  the  extreme  yield  loss  for  this  case  in  the  lower 
curve  of  fig  2 
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Killer  Defects 

Fig  2  Fractional  yield  a.s  a  function  of  the  number  of  killer 
defects  as  de.scribed  by  Murphy's  law  for  a  number  of  processes 
in  production  today. 
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REYNOLDS  NUMBER 

Fig  3  The  increase  in  particle  counts  a.s  a  function  of  Rey¬ 
nolds  number  of  the  gas  flow  (after  ref  [13]) 

2.  Vacuum  transport 

A  topic  of  great  interest  in  the  literature  is  that  of 
the  mechanisms  which  allow  the  motion  of  particles  in 
vacuum  systems.  The  driving  motives  of  research  on  this 
topic  is  to  develop  mechanisms  and  procedures  such 
that  particle  motion  does  not  occur,  thus  allowing  the 
wafer  to  pa.ss  cleanly.  It  is  generally  thought  that  the 
particle  transport  occurs  through  aerodynamic  forces 
[12J.  Fig  3  illustrates  the  results  of  Chen  and  co-workers 
of  the  University  of  Santa  Barbara  [13).  Their  work 
demonstrated  clearly  that  particle  count  rate  is  related 
to  the  Reynolds  flow  number  of  the  vacuum  system. 
Given  a  low  Reynolds  number  (laminar  flow)  the  count 
rate  is  very  low  This  increases  lor  Reynolds  number 
that  are  considered  transitional.  The  particle  countei 
iturates  at  high  (turbulent  flow)  Reynolds  numbers 
As  a  corollary  effect,  the  forces  of  adhesion  for  small 
particles  are  considered  to  be  Van  der  Waals  in  nature 
[12].  There  should  then  be  a  limiting  value  of  “air" 
velocity,-  below  which  particles  will  not  move.  This 
concept  was  explored  by  a  group  of  authors  from  the 
Eaton  Corporation  [14.15).  Their  work  is  shown  in  fig 
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Time  after  1000  Torr  (sec) 

Fig  ,5  Illustration  of  condensation  by  tracking  particle  counts 
with  and  wiihout  nitrogen  backfill  (after  ref  (17|) 


4,  Here  the  gas  flow  veloctty  necessary  to  move  5  pm 
particles  of  vanous  matertals  is  determined  as  a  func¬ 
tion  of  the  pressure.  While  the  particles  are  generally 
larger  than  those  of  interest  in  semiconductor  device 
manufacturing,  it  may  be  argued  that  the  larger  par¬ 
ticles  will  move  easier  That  makes  these  relationships 
an  appropnate  boundary  condition  to  follow  in  devel¬ 
oping  pumping  and  venting  pressure-fiow  curves 

Another  mechanism  that  has  been  of  concern  is  the 
condensation  of  water  on  particles  that  may  occur  dur¬ 
ing  the  adiabatic  cooling  of  pumpdown.  This  has  been 
an  enabling  mechanism  for  the  development  of  high 
sensitivity  atmospheric  particle  counters,  but  in  an  im- 
planter  loadlock  it  is  just  as  effective  as  a  ueposition 
mechanism.  Wu  et  al.  of  IBM  [16]  have  published  a 
complete  theoretical  treatment  of  this  subject  with  some 
experimental  results.  Chen  and  Hackwood  [17]  did  simi¬ 
lar  work  on  a  more  experimental  level.  One  of  their 
results  is  shc./n  in  fig.  5.  There,  a  large  particle  signal 
developed  during  the  pumpdown  after  regular  atmo- 
sphenc  exposure  but  did  not  occur  when  the  chamber 
was  carefully  backfilled  with  nitrogen.  Any  procedure 
or  equipment  that  removes  the  residual  atmo.spheric 
humidity  seems  to  have  similar  effect  Both  molecular 
sieves  and  other  dry  gases  were  tested  with  the  .same 
result. 

The  con.sensus  is  that  particle  effects  in  vacuum 
sy.stems  and  loadlocks  are  becoming  much  better  under¬ 
stood  and.  in  particular,  are  managable.  The  situation 
becomes  more  complex  for  ion  beam  systems.  Brown  et 
al.  (18)  have  published  a  theoretical  work  demonstrating 
that  particles  of  macroscopic  size  may  be  .suspended  in 


the  fields  of  an  ion  beam.  Given  that  the  momentum  of 
the  beam  is  directed  towards  the  endstation,  it  follows 
that  the  beam  itself  may  t:  ansport  contamination  to  the 
wafer.  This  theory  has  been  supported  by  visual  ob¬ 
servation  of  such  particles  [19]  but  no  direct  experimen¬ 
tal  work  has  been  reported  as  of  yet. 


3.  In  situ  monitoring 

In  situ  monitonng  has  dominated  the  recent  litera¬ 
ture  on  particle  detection  and  monitoring.  As  a  portion 
of  that  work  is  from  National  Semiconductor,  I  will 
demonstrate  with  our  results  while  commenting  on  more 
general  principles. 

There  are  three  basic'  techniques  for  particle  detec¬ 
tion  and  monitoring  in  a  production  envirionment.  Bare 
wafer  surface  scanners  have  a  size  resolution  of  0.3-0  2 
pm  and  are  generally  used  between  one  and  five  times 
on  each  production  shift  for  each  ion  implanter  A  more 
advanced  technology  is  the  patterned  wafer  surface 
scanners.  The.se  have  poorer  size  resolution  at  1.0-0, 5 
pm  but  may  be  used  more  frequently  as  routine  produc¬ 
tion  could  be  sampled  (hopefully  10-30  per  shift!).  As 
compared  to  these,  an  in  situ  monitor  has  intermediate 
resolution,  at  0.5-0.3  pm.  but  monitors  every  wafer" 
This  IS  the  primary  advantage  of  the  in  situ  monitoring 
systems  -  the  process  envirionment  is  sampled  for  every 
wafer  rather  than  sampling  being  performed  at  long 
intervals  according  to  an  mspeciicn  plan. 

The  importance  of  this  concept  is  illustrated  in  fig  6 
[20]  Here  the  in  situ  particle  count  rate  for  a  produc¬ 
tion  Varian  DF4  implanter  is  plotted  as  a  function  of 
time  over  an  interesting  set  of  events.  Notice  that  in  the 
first  two  hours  of  the  data  the  baseline  particle  count  is 
slowly  decreasing  but  that  there  are  epi.sodic  particle 
events  that  are  slowly  becoming  worse.  This  continues 
until  a  wafer  sticks  in  the  loadlock  just  after  18:00 
hours.  It  is  expected  that  this  set  of  episodic'  signals 
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Fig  6  In  situ  count  rate  as  a  function  of  time  for  production 
operation  on  a  DF4  implanter 
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would  probably  not  be  observed  with  a  monitor  wafer 
chosen  at  random.  A  second  interesting  effect  is  ob¬ 
served  in  the  later  portion  of  the  same  figure.  The 
established  procedure  of  this  fab  is  that  after  a  mainte¬ 
nance  intervention  the  implanter  is  “cleaned”  with 
dummy  wafers  before  real  production  is  resumed.  The 
four  lots  of  dummy  wafers  between  Is. 43  and  19:30 
clearly  return  the  implanter  particle  signal  to  much  less 
than  the  previous  baseline.  However,  as  soon  as  produc¬ 
tion  IS  resumed  at  19.30,  the  in  situ  particle  signal 
increases  to  previous  levels 

Borden  [21]  has  described  these  effects  through  the 
concept  of  a  particle  conservation  theory.  In  this  theory, 
an  implanter  or  any  type  of  vacuum  system  is  consid¬ 
ered  a  closed  system  for  particle  generation  Particle 
sources  include  the  production  wafers,  the  process  gases 
used  in  the  loadlock  and  the  intrinsic'  wear  of  the 
system.  The  particle  sinks  are  the  same  production 
wafer  leaving  the  system  and  the  gas  flow  evacuated 
from  the  system.  As  with  any  conservation  system  in 
equilibrium,  this  .system  would  .seek  equilibrium  levels 
of  particles  based  on  these  .sources  and  sinks.  Thus  a 
sporadic  event  would  have  forces  trying  to  return  the 
particle  levels  to  the  ba.scline  as  long  as  there  are  no 
new-  particle  producing  events  Similarly,  when  clean 
dummy  wafers  are  run  the  system  re.sponds  by  estab¬ 
lishing  a  new,,  lower  ha.seline  level.  Unfortunately.-  as 
soon  as  the  production  is  resumed,  the  system  also 
trends  back  to  the  previous  baseline  levels  Clearly,,  the 
method  to  actually  reduce  the  particulate  effects  for  the 
sjstem  as  a  whole  is  to  reduce  the  rates  of  panicle 
introduction  from  the  sources  Minor  changes  may  be 
effected  by  changing  particle  populations  in  a  portion 
of  the  system,  but  if  the  input  rates  arc  not  affected 
then  It  may  be  predicted  that  the  output  rates  will 
return  to  equilibrium. 

Fig  7  illustrates  that  a  much  more  cau.sal  relation¬ 
ship  between  particles  and  yield  may  be  established  due 
to  the  on-line  nature  of  in  situ  particle  counting  [22]. 
This  work  evaluated  the  relationship  between  .six  months 
of  NMOS  production  and  the  in  situ  particle  counts  as 
lecorded  for  four  of  the  implant  steps  Individual  maxi¬ 
mum  sensitivities  for  each  mask  layer  were  developed 
using  the  limiting  value  of  Pois.sons  form  of  the  yield 
equation.  These  followed  the  expected  trends  as  per  the 
criticality  of  each  step  and  as  per  the  amount  of  active 
circuit  expo.sed  at  that  layer  The  end  re.sult  of  this 
exerci.se  was  that  the  yield  hit  was  approximately  0,5% 
per  ma.sk  layer  due  to  the.se  effects.  The  average  surface 
scan  particle  counts  during  the.se  tests  was  on  the  order 
of  0.5/cm^  and  the  in  situ  particle  count  was  on  the 
order  of  10  counts  per  lot  The  disturbing  part  of  the,se 
results  is  that  the  largest  number  of  the.se  three  numbers 
is  the  number  of  die  killed  (number  of  die  killed  » 
surface  scan  particle  count  >  in  .situ  particle  count)'! 
This  IS  again  indicative  that  the  surface  .scan  qualifica-. 
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Fig.  7  Proce.ss  yield  as  a  function  of  in  situ  particle  count  for  a 
single  implant  as  measured  on  many  lots  of  NMOS  product 
The  upper  line  is  the  predicted  yield  limit  due  to  particles  at 
this  mask  level 


tion  tests  do  give  a  particle  baseline  for  the  .system,  but 
unfortunately  it  is  not  the  baseline  that  the  production 
wafers  are  expo.sed  to' 


4.  Future  requirements 

Pre.sent  generation  implanters  are  boasting  an  added 
particle  count  on  the  order  of  0.03  to  0.05  particles/cm^ 
This  IS  a  significant  improvement  over  the  machine 
performances  of  the  late  ’80s  but  at  best  is  merely  in 
step  with  the  trends  of  process  shrinks.  This  perfor¬ 
mance  IS  expected  to  be  sufficient  to  meet  the  needs  of 
1 M  DRAM  (1.2  pm)  and  4M  DRAM  (0.8  pm)  proce.sses 
but  IS  at  best  marginal  for  16M  DRAM  (0.5  pm) 
processes  The.se  0.5  pm  processes  are  in  development 
now  and  are  expected  to  hit  production  by  1992  [11]. 
This  IS  not  far  in  the  future!  At  the  same  time,  develop¬ 
ment  efforts  will  be  on-line  for  64M  DRAM  (0.35  pm) 
processes  The  particulate  target  for  these  processes  is 
0.003  particles/cnr.  This  is  one  particle  per  200  mm 
wafer  per  implant  step'  Clearly  more  work  needs  to  be 
done 

As  a  matter  of  perspective,  one  can  ratio  these 
requirements  up  to  macroscopic  sizes.  If  the  0  3  pm 
particle  is  increased  to  one  centimeter,  then  the  die  that 
it  would  affect  increases  from  1.44  cm  (predicted  [11]) 
to  480  meters  on  a  side.  It  would  obviously  be  a 
challenge  to  even  deal  with  that  area  ratio,  but  consider 
that  the  200  mm  diameter  of  the  wafer  has  increased  to 
6.7  km'  This  is  the  size  of  a  city  (Dublin  for  example). 
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This  IS  a  matter  of  concern  in  that  we  all  will  have  to 
be  able  to  monitor  to  this  scale  in  order  to  effectively 
control  these  processes  and  to  qualify  machines  to  run 
them  I  have  a  particular  concern  with  the  sampling  rate 
that  IS  implicit  with  this  lequirement.  Do  we  declare  a 
machine  or  process  out-of-control  when  we  get  a  par¬ 
ticle  count  of  1?  What  sort  of  sampling  frequency  is 
necessary  to  effectively  declare  that  this  is  a  true  read-- 
ingi  The  in  situ  monitors  look  particularly  good  when 
measured  against  these  concerns  [23],  however  even  an 
analysis  of  their  predicted  count  rates  showed  a  level 
which  IS  of  concern  when  considering  the  accuracy  of 
low  signal  rates  This  rate  was  about  one  count  every 
lour  minutes 

5.  Conclusions 

Several  advances  m  our  understanding  of  particulate 
generation,  transportation  and  control  have  been  de¬ 
scribed  here.  Recent  advances  in  monitoring  technology 
have  been  de.scribed  with  examples  of  different  analyses 
that  can  result  from  the  .e  technologies  In  general, 
advances  in  equipment  particulate  control  have  taken 
the  industry  to  the  point  of  results  on  the  order  of  0  03 
to  0  05  partities/cnr  added  This  is  adequate  for  pre- 
,sent  technologies  and  for  the  development  of  proces.ses 
for  1-2  years  from  now.  Target  technologies  for  devel¬ 
opment  in  the  ’92-’93  timeframe  require  added  par¬ 
ticulate  levels  of  0  003  particles/cm^  This  is  a  particu¬ 
larly  difficult  and  agressive  goal  for  both  implanters 
and  the  equipment  that  is  made  to  monitor  particle 
levels. 
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Device  yield  is  significantly  affected  by  positive  surface  charge  build-up  during  high  current  implantation.  In  order  to  protect  the 
devices  from  .'harging-up,  ion  implanlers  are  equipped  with  electron  flood  systems  which  supply  a  steady  flow  of  low  energy  electrons 
to  the  wafer  to  neutralize  the  positive  charge  induced  by  the  ion  beam  Excellent  device  yields  have  been  achieved  on  the  Vanan  XP 
series  of  high  current  implanlers  with  two  different  techniques  for  charge  neutralization  -  auto  emission  electron  flood  control  system 
and  a  new.  alternative,  charge  neutrahzation  method.  These  two  techniques  have  been  evaluated  with  a  state-of-the-art,  charge-sensi- 
livc  h40S  structure,  involving  different  gate  oxide  thicknesses  and  a  high  charge  multiplier  ratio  The  effect  of  several  implant 
parameters,  including  beam  spot  size,  species,  and  various  electron  flood  conditions  on  yield  were  also  examined  Device  yield  was 
characterized  by  breakdown  voltage  (k'bj)  measurements. 


1.  Introduction 

Several  processes  used  in  the  fabricatton  of  modern 
semiconductor  devices  involve  charged  particles.  Ion 
implantation,  which  relies  on  the  transport  of  positively 
charged  ions  into  the  target  semiconductor  wafer,  is  one 
of  the.se  processes.  As  the  lateral  geometnes  and  the 
gate  oxide  thicknesses  involved  in  these  devices  con¬ 
tinue  to  shrink  to  accommodate  the  rapid  trend  towards 
4-16  Mb  memory  level  integration,  their  susceptibility 
to  charging  damage  during  high-current  implantation 
increases  proportionally..  It  is  therefore,  necessary  to 
somehow  neutralize  the  lon-beam-induced  charge  to 
protect  the  devices  from  such  damage.  Most  high-cur¬ 
rent  implanters  of  today  are  equipped  with  electron 
flood  systems  to  neutralize  the  charge  on  the  wafers. 
However,,  the  demand  for  higher  beam  currents  to  ad¬ 
dress  the  throughput  needs  of  the  device  manufacturers 
places  considerable  constraints  upon  the  ability  of  mod¬ 
ern  implanters  to  provide  adequate  methods  for  neutral¬ 
izing  the  charging  effects  of  high  beam  currents.  In  this 
paper,  the  effectiveness  of  two  charge  neutralization 
techniques  in  a  Varian  XP  high-current  implanter. 


studied  with  a  charge-sensitive  MOS  structure,  will  be 
presented. 


2.  Experimental 

All  charging  tests  conducted  for  this  investigation 
were  run  on  a  Varian  160XP  high-current  ion  implanter. 
Two  different  techniques  for  charge  neutralization  were 
examined.  These  are  “electron  flood  system  no.  1”  and 
“electron  flood  system  no.  2”.  These  will  be  referred  to 
as  EFS-1  and  EFS-2  respectively,  in  the  remainder  of 
the  text.  The  EFS-1  is  available  as  a  product  on  all  XP 
series  of  Varian  high  current  implanters,  whereas  EFS-2 
is  being  tested  and  is  currently  under  development  by 
the  vendor.  In  the  EFS-1,  primary  electrons  from  an 
electrically  heated  filament  mounted  o.i  one  wall  of  the 
Faraday  are  used  to  generate  charge  neutralizing  low 
energy  secondaries  from  the  opposite  wall  of  the  Fara¬ 
day  cage.  A  closed  loop  electronic  system  varies  the 
primary  emission  level  of  the  flood  system  to  regulate 
the  net  disk  current  at  a  user-selected  value.  More 
detailed  accounts  of  this  electron  flood  system  have 
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been  published  elsewhere  [1-3].  In  the  EFS-2,  a  low 
energy  electron  source  injects  the  electrons  into  the 
Faraday  for  charge  neutralization.  This  system  differs 
from  EFS-1  in  that  the  energy  of  the  charge-neutralizing 
electrons  is  independent  of  the  Faraday  conditions.  This 
would  result  in  an  increased  MTBF  from  the  standpoint 
of  Faraday  mainteniltice.  The  details  of  the  EFS-2  will 
be  published  at  a  later  date  when  the  system  will  be 
fully  qualified  as  a  product  by  the  vendor. 

The  effects  of  several  implant  parameters  such  as  ion 
species  and  beam  spot  size  were  also  studied.  The  ion 
species  implanted  were;  "b*.,  ‘’“’(BFj*^),  and  ^^As*.  The 
spot  size  (or  the  charge  density)  of  the  beam  was  varied 
by  changing  the  extraction  voltage  while  maintaining 


constant  beam  current  and  by  turning  “on”  the  high 
voltage  suppression  bias  (-10  kV)  in  “decel  mode”  of 
operation. 

Test  vehicles  used  were  state-of-the-art  MOS  test 
structures  with  gate  oxide  thicknesses  of  235  and  180  A, 
fabricated  on  150  mm.  p-type  (100)  silicon  wafers.  The 
charge  multiplier  ratio  was  about  3.3  X  10^,-  thereby 
making  the  test  structures  extremely  charge-sensitive. 
Electrical  characterization  of  the  implanted  devices  was 
done  by  breakdown  voltage  (  f^bd)  measurements.  A 
controlled  voltage  ramp  was  applied  across  the  gate 
while  monitoring  the  flow  of  current  througli  the  oxide. 
The  criterion  for  breakdown  was  the  voltage  where  1 
|iA  of  current  was  detected  through  the  oxide 


Arsenic,,  3E15/cm2,  80  keV,:  Ibeam  =  9.0  mA 


CONTROL  flood  GUN  Idisk  Idisk  Idisk 

NO  IMPLANT  "OFF"  0  mA  mA  -2  mA 

ELECTRON  FLOOD  CONDITION 


Arsenic.,  3E15/cm2,  80  keV.  Ibeam  =  9  0  mA 


NO  IMPLANT  FLOOD  FLOOD  FLOOD 

ELECTRON  FLOOD  CONDITION 

Fig  1.  Yield  plots  for  arsenic-implanted  charge  monitor  wafers  under  various  conditions  of  electron  flooding  for  EFS-1  and  hFS-2. 
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3.  Results  and  discussion 

A  typical  n*  source/drain  implant  was  used  to 
study  the  effect  of  the  various  flood  conditions  on  both 
charge  neutralization  systems.  Arsenic  ions  with  80  keV 
energy  were  implanted  into  the  wafers  to  a  dose  of 
3x  10’®  cm“^  at  a  beam  current  of  9.0  nL\  in  the 
“accel  mode”  of  operation.  Device  yields  for  wafers 
implanted  with  the  two  flood  systems  are  depicted  in 
fig.  1.  The  control  wafers,  which  received  no  implant, 
had  100%  yield  for  both  gate  oxide  thicknesses,  indicat¬ 
ing  good  process  control  in  the  fabncation  of  the  de¬ 
vices.  On  the  other  hand,  wafers  implanted  without  any 
electron  flood  showed  poor  yields  on  both  endstations. 


clearly  demonstrating  the  need  for  charge  neutraliza¬ 
tion. 

Use  of  the  EFS-1  and  EFS-2  markedly  improved  the 
device  yield  for  all  3  conditions  tested  in  this  expen- 
ment.  The  results  of  EFS-1  also  indicate  that  optimum 
charge  neutralization  is  achieved  when  the  disk  current 
is  anywhere  from  0  to  - 1  mA  (giving  100%  yield  for 
both  oxide  thicknesses  at  - 1  mA).  Although  this  may 
indicate  that  slight  overflooding  is  necessary  for  achiev¬ 
ing  optimum  charge  neutralization,  the  conditions  may 
vary  from  one  device  type  to  another.  In  addition,  for 
any  given  flood  condition,  the  yield  on  a  wafer  with  the 
thicker  gate  oxide  (235  A)  was  always  somewhat  higher 
than  that  on  a  wafer  with  a  thinner  oxide  (180  A).  This 
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Fig.  2.  Yield  plots  for  boron-implanted  charge  monitor  wafers  under  various  conditions  of  electron  flooding  for  EFS-1  and  EFS-2. 
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is  consistent  with  the  fact  that  the  dielectric  breakdown 
voltage  decreases  with  decreasing  oxide  thickness, 
thereby  making  thin  oxides  more  susceptible  to  charg¬ 
ing  effects. 

In  addition  to  arsenic,  the  charging  effects  of  several 
other  species  such  as  B'*'  and  BFj*'  were  studied  under 
implant  conditions  veiy  similar  to  those  encountered  in 
actual  device  production.  The  species  were  implanted  in 
“decel  mode”,  to  a  dose  of  3  X  10'*  cm~^  The  beam 
current  for  B^  and  BFj*  ions  was  3.0  and  4.5  mA, 
respectively.  Device  yields  for  the  two  cases  are  de¬ 
picted  in  figs.  2  and  3.  Higher  yields  were  obtained  at 
disk  current  of  =  1  mA,  reflecting  the  consistency  with 
results  on  the  arsenic  implants 


Among  p-type  dopants,  BFj^  implants  gave  better 
device  yields  than  were  obtained  with  implants  for 
both  electron  flood  systems  under  investigation.  This 
can  be  explained  by  the  different  beam  spot  sizes  and 
the  resulting  current  densities  in  the  two  cases.  Due  to 
its  larger  mass,  the  space-charge  effects  will  be  more 
pronounced  for  BF^  than  for  boron.  Consequently,  the 
beam  spot  size  for  BF2'^  ions  for  the  same  beam  current 
will  be  much  larger.  The  reduced  charge  density  is  less 
damaging  to  the  oxide  thereby  resulting  in  improved 
device  yield. 

The  influence  of  beam  spot  size  (or  charge  density) 
on  device  yield  was  further  studied  by  a  series  of  tests 
whereby  singly-charged  arsenic  ions  at  a  beam  current 
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Fig.  3.  Yield  plots  for  BFj-impianted  charge  monitor  wafers  under  vanous  conditions  of  electron  flooding  for  EFS-1  and  EFS-? 
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of  4.2  mA  were  implanted  into  the  test  wafers  to  a  dose 
of  4.5  X  10'*  cm'^  at  50  keV  under  a  variety  of  extrac¬ 
tion  conditions.  For  all  the  implants  performed  for  this 
investigation,  the  disk  current  was  held  constant  at  0 
mA  using  the  EFS-1.  The  results  for  the  235  A  gate 
oxide  device  used  in  these  tests  are  depicted  in  fig.  4 

The  results  show  that  as  long  as  the  extraction 
energy  of  the  ions  is  tower  than  or  equal  to  the  final 
energy  of  the  species  ( =  40,  45  and  50  keV)  or  in 
other  words,  the  implant  is  performed  in  “accel  mode”, 
high  device  yields  (up  to  100%)  can  be  achieved.  How¬ 
ever,-  when  the  extraction  energy  exceeds  the  final  en¬ 
ergy  of  the  species  ( =  55  and  60  keV),  thereby 
rendenng  the  implant  to  be  run  in  “decel  mode”,  there 
IS  a  significant  drop  in  yield  (64  and  46%  at  55  and  60 
keV,  respectively).  The  difference  in  yield  can  be  ex¬ 
plained  by  the  different  charge  densities  of  the  beam  in 
the  two  modes  of  operation.  In  the  “accel  mode”  of 
operation,  both  the  high  voltage  ouppression  (-10  kV) 
and  the  pre-Faraday  bias  ( - 1  kV)  are  “on”  during  the 
implant.  The  stripping  of  the  electrons  from  the  beam 
by  these  negative  potentials  causes  the  beam  to  blow 
up,  which  results  in  a  diluted  cha.-ge  density  of  the 
beam  Consequently,  the  devices  are  not  exposed  to 
severe  charging  conditions,  and  this  results  in  higher 
yields. 

On  the  other  hand,  when  the  implant  is  run  in  the 
“decel  mode”.,  both  the  -10  and  -1  kV  suppression 
biases  are  automatically  turned  off  Furthermore,  the 
high  extraction  potentials,  cause  the  ion  beam  to  be 
sharply  focussed  as  it  emerges  from  the  ion  source 
Since  the  electron  suppressing  biases  are  absent  in  this 
case,  the  beam  remains  space-charge  neutralized  during 
Its  transport  to  the  wafer.  Therefore,  the  charge  density 
of  the  beam  is  much  higher,  which  in  turn  results  in 
charging  damage  of  the  devices. 

In  order  to  substantiate  this  finding,  the  tests  were 
repeated  m  the  “decel  mode"  with  the  - 10  kV  suppres- 
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Fig.  4.  Plots  showing  yield  as  a  function  of  extraction  voltage 
for  arsenic-implanted  charge  monitor  wafers  while  disk  current 
IS  held  constant  at  0  mA  using  EFS-1 
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Fig.  5  Effects  of  (-10  kV)  suppression  bias  on  the  yield  of 
arsenic-'implanted  charge  monitor  wafers  with  the  disk  current 
held  constant  at  0  niA  using  EFS-1 


Sion  bias  turned  “on"  manually.  For  both  extraction 
conditions  tested,  dramatic  improvement  in  yiela  was 
observed.  These  results  are  shown  in  fig.  5. 

4.  Conclusions 

The  effectiveness  of  two  charge  neutralization  tech¬ 
niques  for  the  Varian  XP  senes  of  high-current  im- 
planters  has  been  studied  with  charge-sensitive  MOS 
structures.  While  the  EFS-1  is  a  fully  established  prod¬ 
uct  for  these  implanters  and  continues  to  perform  re¬ 
markably  well  at  the  production  level,  the  EFS-2  has 
also  demonstrated  promising  results  under  the  same 
implant  conditions.  Further  testing  needs  to  be  con¬ 
tinued  to  develop  the  latter  into  a  qualified  product. 
The  results  of  this  work  also  show  that  the  beam  spot 
size  plays  a  very  important  role  in  achieving  optimum 
device  yields  We  conclude  that,  in  order  to  prevent  the 
devices  from  charging  damage  during  high  current  im¬ 
plantation,  the  implant  conditions  should  be  chosen  .so 
as  to  keep  the  charge  density  as  low  as  possible  without 
sacrificing  beam  current.  In  addition,  any  set  of  implant 
conditions  optimized  for  a  given  device  type  may  not  be 
applicable  to  another 
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A  novel,  EEPROM  transistor-based  wafer  surface-charge  monitor  has  been  applied  to  quantttative  assessment  of  surface  charging 
during  120  kV,  5  X  lO”  arsenic  ion  implants  under  a  variety  of  beam-current,  flood-gun  and  argon  pressure  conditions  Least  negative 
charging  was  observed  with  argon  backfiP,  in  the  absence  of  flood-gun  electrons  Comparison  of  devices  with  different-si/.ed 
charge-collection  electrodes  supports  the  voltage  source  model  of  surface  charging 


1.  Introduction 

The  shallovv  highly  doped  n  4-  p  junctions  required 
by  high-performance  IC.s  are  almost  universally  imple¬ 
mented  with  high-do.se  arsenic'  implants.  To  improve 
throughput,  lon-implanter  manufacturers  have  been 
providing  the  semiconductor  industry  with  high-beam- 
current  ion  implanters  Unfortunately,  the  anticipated 
throughput  improvements  have  not  been  completely 
achieved  due  to  gate-oxide  breakdown  [1]  or  other 
structural  damage  (2]  resulting  from  charge  buildup  on 
the  surface  of  the  implanted  wafers  during  high-beam- 
current  implants  To  monitor  this  phenomenon  and  to 
establish  preventive  IC  design  guidelines,  IC  manufac-. 
turers  have  used  simple,  conveniently  available,  poly- 
silicon  capacitors  with  varying  gate  oxide-field  oxide 
ratios,  area-edge  ratios,  etc  [1,3],  Relying  on  determin¬ 
ing  the  number  of  damaged  or  destroyed  capacitors, 
this  technique  has  frequently  failed  to  provide  definitive 
answers  [3], 

Ideally,,  a  monitor  is  needed  which  gives  a  direct 
measure  of  the  driving  force  behind  the  damage-  the 
potential  developed  on  the  wafer  surface  To  this  end, 
implant  manufacturers  have  developed  in  situ  monitors 
which  provide  a  waveform  of  the  potential  developed 
across  a  capacitor  as  the  beam  .sweeps  over  it  [4,5).  This 
approach,  however.-  employs  special  fixtures  within  the 
implant  cham.ber,  is  confronted  with  difficult  signal 
transmission  problems,  requires  considerable  knowledge 
(some  of  which  may  be  missing)  in  interpreting  the 
waveforms,  and.  in  the  mind  of  the  user,  does  not 
sufficiently  imitate  the  conditions  occurring  on  product 
wafers  To  instill  this  es.sential  confidence,  the  monitor 
Itself  should  be  a  wafer  which  has  the  ability  to  “re¬ 
member"  the  peak  potential  developed  on  its  surface  A 


step  in  this  direction  was  taken  by  Yoshida  et  al.  [6],  in 
monitoring  the  threshold  voltage  shift  of  EEPROM 
transistors  subjected  to  a  variety  of  process  conditions 
However,-  no  effort  was  reported  to  determine  the  in¬ 
fluence  of  UV  on  the  final  threshold  voltage  (UV  can 
eject  electrons  from  the  floating  gate,  thus  affecting  the 
threshold  voltage  shift.-  leading  to  an  erroneous  estimate 
of  the  surface  potential),  and  the  investigation  did  not 
encompass  the  u.se  of  different-si/,ed  charge-collection 
electrodes  to  investigate  the  presence  or  absence  of  the 
“antenna  effect".-  which  is  critical  to  developing  circuit 
layout  guidelines  and  understanding  the  physical  mech¬ 
anisms  underlying  wafer  surface  charging. 

In  this  paper  we  report  experimental  results,  ob¬ 
tained  under  a  variety  of  high-current  arsenic  implants, 
using  a  dedicated,  EEPROM-ba.sed  wafer  surface-charge 
monitor  which  employs  devices  with  different-sized 
chargc-collection  electrodes,  and  “reference"  devices 
which  permit  separation  of  the  electrostatic  and  UV 
influence  on  the  threshold  voltage  shift  of  the  monitor 
devices.  The  experimental  conditions  examine  the  effect 
of  beam  current,-  flood-gun  current,  bias  voltage  and 
argon  backfill  pressure  on  the  surface-charging  char¬ 
acteristics  of  120  kV,  5  X  lO'' As  implants  performed  on 
an  Eaton  model  NVlO-160  ion  implanter 

2.  Device  description 

Implemented  in  clusters  populating  the  entire  wafer,- 
the  CHARM  (charge  monitor)  device,  shown  in  fig.  la. 
employs  electrically  erasable  PROM  transistors  whose 
control  gates  are  connected  to  aluminum  charge-collec¬ 
tion  electrodes  located  on  thick  oxide  Electrostatic 
charge  deposited  on  the  collection  electrodes  gives  ri.se 
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to  a  potential  proportional  to  the  amount  of  deposited 
charge  and  the  collection  electrode-to-substrate  oxide 
thickness.  This  potential,  in  turn,  programs  the 
EEPROM  memory  transistors  by  altering  their  threshold 
voltages  in  proportion  to  the  potential  on  the  charge 
collection  electrodes  [7],  The  monitor  is,  therefore,  a 
polarity-sensitive  peak  voltage  detector  with  memory. 
Its  threshold  voltage  shift  versus  control  gate  potential, 
shown  in  curve  (a)  of  fig.  2,  is  determined  during  wafer 
probe  by  repeated  application  of  external  voltages  to 
the  charge-collection  electrodes. 

Two  undesirable  characteristics  may  be  observed  in 
curve  (a);  the  EEPROM  transistor  does  not  respond  to 
applied  voltages  between  - 10  V  and  + 10  V,  and  the 
threshold  voltage  shift  saturates  for  applied  voltages 
lower  than  -  25  V  or  greater  than  30  V.  The  absence  of 
response  between  - 10  and  + 10  V  implies  that  the 
applied  potential  is  insufficient  to  cause  electron  tunnel¬ 
ing  through  the  thin  tunnel  oxide,  while  the  saturation 
is  due  to  reverse  tunneling  across  the  tunnel  oxide  when 
the  floating  gate  potential  is  sufficiently  low  (or  high) 
and  the  external  programming  voltage  is  removed.  While 
the  saturation  places  a  limit  on  the  maximum  surface 
potential  the  devices  can  monitor  unambiguously,  this 


manufactured,  (b)  programmed  positive  to  sense  negative 
potential,  and  (c)  programmed  negative  to  sense  positive 
potential. 


limit  approaches  or  exceeds  the  breakdown  voltage  of 
contemporary  gate  oxides  and,  consequently,  does  not 
impose  any  practical  limitations  on  the  utility  of  the 
monitor.  Moreover,  if  the  processing  medium  behaves 
like  a  current  source,  it  is  possible  to  extend  this  limit, 
as  discussed  later.  The  lack  of  response  between  -10 
and  + 10  V  appears  more  serious.  Fortunatciy,  it  can  be 
completely  circumvented  by  preprogramming  the  moni-- 
tor  EEPROM  transistors  to  their  saturated  threshold 
voltage  state,  where  the  transistors  will  respond  to  the 
slightest  potential  of  the  opposite  polarity,  as  indicated 
in  curves  (b)  and  (c)  of  fig.  2.  Consequently,  the  entire 
range  of  surface  potentials  between  -25  and  -t-30  V 
can  be  monitored  with  this  device. 

It  should  also  be  observed  that  the  EEPROM  mem¬ 
ory  transistor  is  a  rapidly  responding  device,  as  evident 
from  fig.  3,  which  shows  its  threshold  voltage  shifts  for 
different  duration  p.ogramming  pulses  (different  batch 
than  given  in  fig.  2).  In  view  of  the  1-5  ms  duration  of 
the  positive  and  negative  pulses  observed  with  in  situ 
capacitive  sensors  during  high-current  implants  [5,8], 
and  the  less  than  3  pF  equivalent  capacitance  of  the 
CHARM  monitor,,  it  behaves  as  a  last-toggle  device, 
recording  the  polarity  and  peak  value  of  the  last  pulse  it 
encounters  It  is  important  to  keep  this  in  mind  when 
interpreting  the  experimental  data. 

To  determine  whether  a  wafer-processing  environ¬ 
ment  behaves  like  an  area-proportional  current  source, 
leading  to  the  “antenna  effect”,  or  an  area-independent 
voltage  source,  monitors  employing  a  broad  range  of 
charge-collection  electrode  areas  were  implemented.  Due 
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to  charge  sharing  between  the  charge-collection  capaci¬ 
tor  and  the  EEPROM  memory  transistor,  the  voltage 
developed  on  the  control  gate  of  the  EEPROM  tran¬ 
sistor  depends  on  the  size  of  the  charge-collection  elec¬ 
trode.  When  the  charge-collection  electrode  capacitance 
IS  large  in  companson  to  the  EEPROM  transistor 
capacitance  the  voltage  developed  on  the  charge-collec¬ 
tion  electrode  approaches  the  unloaded  charge-collec¬ 
tion  voltage  given  by  =  Qs(‘oAox\  where  Qg 
IS  the  deposited  charge  per  unit  area,  /q  is  the  dielectric 
thickness,  and  Cq^  is  the  associated  dielectric  constant. 
When  the  charge-collection  electrode  approaches  the 
size  of  the  EEPROM  transistor  control  gate,  the  voltage 
developed  on  the  charge-collection  electrode  approaches 
k'l the  voltage  that  would  he  developed  if  the  charge 
were  deposited  on  the  transistor  control  gate  directly. 
For  the  EEPROM  transistor  layout  and  dielectric  thick¬ 
nesses  employed  in  the  devices  used  in  this  study, 
Fl  =  F„/6  To  span  a  large  range  of  possible  surface 
potentials,  21  different  electrode  areas  have  been  em¬ 
ployed  [9],  spanning  ratios  of  2.25  to  100  in  the  charge- 
collection  electrode  to  control  gate  areas. 

Optical  removal  of  charge  from  the  floating  gates  of 
the  well-shielded  monitor  memory  transistors,  which 
would  lead  to  incorrect  measurements  of  wafer-surface 
peak  charge/voltage,  lomtored  with  reference  de¬ 
vices,  shown  in  fig.  lb.  which  are  identical  to  the 
monitor  devices  but  have  their  charge-collection  elec¬ 
trodes  connected  to  the  substrate  through  6  kO  resis¬ 
tors.  with  the  purpose  of  providing  electrostatic  dis¬ 
charge  paths.  The  reference  devices  are  probed  and 
preprogrammed  to  a  high  threshold  state  before  the 
wafers  are  placed  in  an  ion  implanter.  Post-implant 
threshold  voltage  shifts  of  the  leference  transistors  can 
be  used  to  compensate  for  optical  effects  in  the  monitor 
memory  transistors. 


3.  Experimental  conditions  and  test  procedures 

The  purpose  of  this  experiment  was  to  examine  the 
utility  of  the  CHARM  monitor  under  a  vanety  of 
high-cuirent  arsenic  implant  conditions.  In  order  to 
emphasize  the  influence  of  flood-gun  current,  bias,  and 
argon  backfill  pressure  on  wafer-charging  charactens- 
tics,  the  implant  energy  and  dose  were  set  at  120  kV  and 
5x10*’  cm respectively.  All  implants  were  per¬ 
formed  on  the  Eaton  NVlO-160  ion  implanter.  In  order 
to  perform  the  experiment  within  a  reasonable  period  ol 
time,  we  used  a  total  of  nine  CHARM  wafers,  assigning 
two  wafers  to  each  split  except  for  splits  5  and  10  which 
used  only  one  wafer.  The  experiment  was  performed  in 
two  rounds,  involving  splits  1-5  in  the  first  round  and 
6-10  in  the  second  round.  The  complete  experimental 
matrix  is  shown  in  the  table  accompanying  fig.  5. 

Wafer  preparation  prior  to  implantation  consisted  of 


establishing  specific  threshold  voltages  on  a  set  of  four 
devices,  on  47  sites  per  wafer.  Two  devices,  a  reference 
device  and  its  corresponding  monitor  device,  were  pre¬ 
programmed  using  a  20  V  pulse,  applied  to  the  charge- 
collection  electrode,  which  resulted  in  threshold  volt¬ 
ages  of  approximately  10  V.  Two  additional  monitor 
devices,  each  having  a  different  charge-collection  elec¬ 
trode  area,  were  electrically  erased  to  a  threshold  volt¬ 
age  of  approximately  3  V.  The  threshold  vnltages  of 
these  four  devices  were  measured  again  after  the  im¬ 
plants. 

4.  Analysis  of  results 

The  analysis  of  the  implant  charging  results  began 
with  a  post-implant  comparison  of  the  threshold  voltage 
shift  of  the  preprogrammed  reference  devices.  The  max¬ 
imum  threshold  voltage  shift  of  0.4  V  in  the  first  round 
of  experiments,  and  0.0  V  threshold  voltage  shift  in  the 
second  round,  indicated  that  the  several  volts  post-im¬ 
plant  threshold  voltage  shifts  on  the  monitor  devices  did 
not  require  any  compensation  for  optical  erasure  of  the 
charge  content  of  the  floating  gates.  (The  maximum  0.4 
V  .shift  in  the  first  round  may  be  due  to  initial  threshold 
voltage  instabilities  typical  of  floating-gate  devices.) 
Next,  a  comparison  was  made  of  the  post-implant 
threshold  voltages  of  the  two  monitors  with  different¬ 
sized  charge-collection  electrodes.  A  typical  result  is 
shown  in  fig.  4.  The  identical  threshold  voltages  are  a 
clear  indication  of  the  absence  of  the  “antenna  effect",: 
confirming  the  results  obtained  by  Benveniste  [5]  that 
the  electron  cloud  around  the  beam  appears  to  behave 
like  a  voltage  source.  This  result  also  allowed  a  direct 
analysis  of  the  post-implant  threshold  voltages  on  the 
preprogrammed  monitors,  which  formed  the  basis  of 
the  summary  of  charging  results  shown  in  fig.  5,  derived 
by  first  examining  the  histograms  of  the  final  threshold 
voltages  and  converting  them  to  surface  potential  with 
the  help  of  fig.  2  (or  the  equation  ^th  “  I' 

should  be  observed  on  the  basis  of  fig.  3  that  the 

30-| - 1 - 1 - , - 1 - 1 - 1 - 1 - 1 - 1 - r- 
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Fig.  4.  Difference  between  post-implant  threshold  voltages  on 
two  monitors  having  different-sized  charge-collection  elec¬ 
trodes.  No  “antenna  effect"  is  evident. 
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Fig  5  Surrnnary  of  negative  charging  results  for  this  experi¬ 
ment 


magnitude  of  the  surface  voltage  obtained  in  this  manner 
IS  probably  somewhat  less  than  the  true  value,  because 
the  time  that  the  monitor  is  exposed  to  the  electron 
cloud  IS  less  than  the  100  ms  programming  time  used  to 
obtain  fig  2.  However.-  in  the  absence  of  additional 
knowledge  about  the  duration  of  the  electron-cloud 
pulse,  except  that  it  probably  is  longer  than  2  ms  (5,8). 
fig.  ^  may  be  used  to  infer  that  the  absolute  error  is  not 
greater  than  5  V  Since  it  is  probably  safe  to  a.ssume 
that  the  duration  of  the  electron-cloud  pulse  is  not 
drastically  different  for  the  different  implant  conditions 
examined  in  this  experiment,  the  relative  error  in  fig  5 
should  be  considerably  less 

Several  additional  comments  are  appropriate  with 
regard  to  the  summary  of  results  shown  in  fig  5.  Each 
of  the  bar  graphs  represents  the  results  obtained  on  a 
single  wafer.-  and  consists  of  a  heavy  line  which  indi¬ 
cates  the  range  containing  the  main  distribution,  typi¬ 
cally  embracing  80-95%  of  the  data,  and  a  thin  line 
which  shows  the  spread  of  the  rest  of  the  data  Even 
though  some  of  the  data  were  far  removed  from  the 
main  distribution,  no  data  was  excluded  in  this  pre.sen- 
tation.  Furthermore,  data  showing  broad  distributions 
was  wafer-mapped.  Very  similar  contours  were  observed 
in  all  cases. 


5.  Discussion  of  experimental  results 

Keeping  in  mind  that  in  its  present  configuration  the 
CHARM  monitor  is  a  fast,  last-toggle,  peak  voltage 


sensor,  many  of  the  results  shown  in  fig.  5  are  consistent 
with  expectations.  For  example,  comparison  of  splits  6 
and  1  shows  increased  charging  with  increasing  beam 
current,  while  comparison  of  splits  6  and  7  indicates 
that,  at  1  mA  beam  current,  the  beam  does  not  pick  up 
enough  flood-gun  electrons  to  substantially  affect  nega¬ 
tive  surface  charging.  Comparison  of  split  7  with  splits  5 
and  2,  on  the  other  hand,  shows  that  as  the  beam 
current  is  increased,  the  number  of  flood-gun  electrons 
carried  to  the  wafer  surface  increases,  as  evidenced  by 
increased  negative  charging.  Given  this  ob.servation,  it 
might  be  suspected  that  eliminating  flood-gun  electrons 
should  reduce  negative  charging.  This  is  supported  by 
comparison  of  split  2  with  splits  1  and  8. 

From  the  viewpoint  of  wafer  throughput  and  survival 
during  high-current  arsenic  implants,  the  results  ob¬ 
tained  with  argon  backfill  are  the  most  interesting.  As 
splits  4,  9  and  10  indicate,  increasing  the  argon  pressure 
decreases  the  amount  of  negative  charging.  Split  3, 
however,  indicates  that  flood  gun  electrons  can  easily 
override  this  benefit.  Given  the  results  of  Doherty  and 
McCarron  [4],  that  the  positive  charging  voltage  also 
decreases  with  increasing  background  pressure,  these 
observations  suggest  the  use  of  argon  backfill  to  control 
both  negative  and  positive  wafer  charging  without  the 
use  of  flood  guns. 


6.  Summary 

Although  the  last-toggle  characteristic  of  the  present 
CHARM  monitor  does  not  permit  independent  mea¬ 
surement  of  both  positive  and  negative  charging  pulses 
experienced  by  devices  undergoing  ion  implantation,  its 
application  m  this  expenment  suggests  that  future  con¬ 
figurations,  modified  to  permit  this,  might  p"-''  .■  very 
useful  in  the  study  of  wafer-surface  charging;  phenom¬ 
ena.  Moreover,  the  technique  permits  wafer  mapping  of 
surface  potential,  and  the  wafers  are  reusable.  Finally, 
incorpoiation  of  reference  devices  to  monitor  the  mag¬ 
nitude  of  radiative  proces.ses  removes  any  doubt  regard¬ 
ing  the  validity  of  the  threshold  shifts  measurements  on 
the  monitor  devices,  ensuring  correct,  quantitative  mea¬ 
surements  of  wafer  surface  potential 

Experimental  data  obtained  in  a  variety  of  lon-ini-; 
plant  experiments  have  consistently  failed  to  support 
the  current  .source  model  responsible  for  the  “antenna 
effect”.  All  experimental  data  collected  so  far  indicate  a 
local  equilibration  of  surface  potential,  supporting  the 
voltage  source  model,  although  process-dependent, 
across-the-wafer  gradients  of  surface  potential  have  been 
frequently  ob.scrvcd.  The  surface-potential  wafer  maps 
arc  similar  to  yield  patterns  observed  on  product  wafers 
[10],  The  conspicuous  absence  of  the  "antenna  effect" 
rai.ses  .serious  questions  regarding  the  use  of  polysihcon 
capacitors  with  different-sized  field  oxide  capacitors  for 
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the  purpose  of  determining  design  guidelines  intended 
to  eliminate  yield  loss  resulting  from  dama' t  a  tributed 
to  wafer-surface  charging  during  ion  implan  I'.on. 

Generalizing  the  quantitative  results  of  this  experi¬ 
ment,  summarized  in  fig.  5,,  it  appears  that  the  best 
arsenic  implant  results  have  been  obtained  without  the 
use  of  electron  flood,  but,  rather,  with  the  use  of  argon 
backfill.  The  magnitudes  of  negative  charging  obtained 
at  a  beam  current  of  6  mA  with  argon  backfill  were 
lower  than  those  obtained  at  1  mA  without  argon 
backfill. 
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The  ability  to  control  a  process  is  determined  by  the  variability  of  the  process  and  the  variability  of  the  system  used  to  monitor 
the  process.  The  monitoring  system  consists  of  the  monitor  wafer,  the  operator,  the  environment  and  the  test  system  (gauge)  The 
monitor  wafer  can  be  sensitive  to  short-term  and  long-term  drift,  post  processing  and  temperature  This  decouples  the  monitoring 
system  from  the  process  and  simplifies  the  control  problem.  A  gauge-capability  study  helps  establish  the  repeatability  (tester 
variability)  and  reproducibility  (operator  variability)  of  the  monitoring  system  A  gauge  study  was  conducted  on  five  sets  of 
production  ion  implant  monitor  wafers  ranging  from  26  to  3000  Q/Q  Ten  wafers  were  available  for  each  implant  These  were 
manually  measured  twice  by  three  operators  and  twice  by  an  automated  wafer  handling  system.  The  results  were  analyzed  with 
respect  to  operator  training  and  attention,  automated  wafer  handling,  probe  performance  and  qualification,  temperature  variation 
and  the  range  of  sheet  resistance  of  the  monitors  To  adequately  control  the  implant  process,  the  ratio  of  total  repeatability  and 
reproducibility  (preci.sion)  to  the  process  { tolerance)  specification  should  be  less  than  0  1  (P/T  ratio)  This  can  be  achieved  with  good 
equipment  that  is  well  maintained,  dedicated  and  adequately  trained  operators,  and  well  controlled  fab  temperature  or  temperature 
compensation 


1.  Introduction 

With  increased  emphasis  on  quality  improvement 
and  Statistical  Proce.ss  Control  (SPC).  it  is  becoming 
more  important  to  isolate  pnxess  and  measurement 
variations  It  is  clear  that  mere  process  control  is  no 
longer  sufficient  to  compete  in  the  world  market  a 
process  or  product  must  be  continually  improved  to 
survive  This  requires  knowledge  of  the  process  varia¬ 
tion  and  the  components  that  affect  this  variation  All 
measurement  equipment  exhibits  some  variation.  Using 
the  best  test  methods  available,  the  measurement  varia¬ 
bility  often  accounts  for  between  30%  and  80%  of  the 
total  variation  [1]  Motorola  and  other  companies  have 
set  a  target  of  10%  or  less  as  the  maximum  vanability 
due  to  the  gauge  (monitor,  operator,  environment  and 
measurement  tool)  [2,3].  This  variation  becomes  part  of 
the  overall  process  evaluation  Proper  calibration  can 
usually  compensate  for  systematic  variation  or  bias; 
however,  nonsystematic  error  will  .show  up  as  noise  and 
can  obscure  the  interpretation  of  the  data..  Before  any 
meaningful  process-capability  study  can  be  attempted,  a 
gauge  evaluation  must  be  performed  (2,3). 

The  nonsystematic  variations  can  be  broken  down 
into  three  categories;  repeatability,  reproducibility  and 
stability.  Repeatability  is  the  variation  obtained  from  a 
single  operator  using  a  single  gauge  to  measure  the  same 


wafer  Reproducibility  is  the  variation  of  the  averages  of 
different  operators  measuring  the  same  wafer  with  the 
same  gauge.  And  stability  is  the  variation  of  measure¬ 
ments  taken  at  different  times  by  the  same  gauge  on  the 
.same  part 

To  estimate  the  measurement  equipment  variation,  a 
gauge  study  was  conducted  on  five  sets  of  production 
lon-implant  monitor  wafers  ranging  from  26  to  3000 
fi/D  The  process  conditions  are  listed  in  table  1  Ten 
wafers  were  measured  for  each  implant.  These  were 
measured  manually  twice  by  three  operators  and  twice 
by  an  automated  wafer  handling  system.  The  results 
were  analyzed  with  respect  to  operator  training  and 
attention,  automated  wafer  handling,  probe  perfor¬ 
mance  and  qualification,  temperature  variation  and  the 


Table  1 

Process  eondil.ons 


Set 

Species 

Dose 

Energy 

[keVj 

Spec  R , 

A 

Boron 

1  3x10’“ 

60 

520 

F 

Arsenic 

5.0x10’^ 

60 

25  9 

Q 

Phosphorus 

5.0X10’“ 

100 

145  4 

R 

Boron 

22x10” 

100 

2487 

U 

Phosphorus 

50x10’^ 

120 

2655 
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range  of  sheet  resistance  of  the  monitors.  An  attempt 
was  made  to  systematically  eliminate  or  minimize  the 
sources  of  error  or  noise. 


2.  Procedure 

The  study  was  done  in  three  parts.  The  first  part  was 
a  traditional  gauge  capability  study  [4]  using  three  oper¬ 
ators.  The  second  part  used  an  auto-handler  [5]  to 
eliminate  errors  caused  by  manual  wafer  placement  and 
orientation.  The  third  part  consisted  of  determining 
(and  eliminating  or  reducing)  sources  of  eiror  in  the 
measurements  on  the  most  difficult  wafers  and  then 
repeating  the  gauge  study  using  the  automated  wafer 
handler. 

The  procedure  for  part  1  requireo  three  operators  to 
measure  five  .sets  of  ion-implant  monitors  twice.  Table  2 


shows  the  results  of  implant  monitoi  '•et  A.  Gauge 
repeatability  and  reproducibility  were  calculated  using 
the  formulae  liste'^  in  the  table.  It  was  noticed  that 
operator  No.  2  continually  produced  the  highest  varia¬ 
tion.  After  observing  the  operator  it  became  apparent 
he  was  paying  less  attention  to  positioning  the  wafer  on 
the  tester  stage  and  allowed  too  much  time  to  elapse 
between  processing  successive  wafers.  Additional  train¬ 
ing  and  encouragement  reduced  his  significantly  higher 
variation. 

Table  3  summarizes  the  gauge  capability  results  of 
all  five  sets  of  wafers.  Two  sets  did  not  pass  the  desired 
P/T  ratio  limit  of  0.10,  so  an  effort  was  made  to  isolate 
the  source  of  variation.  Because  set  U  gave  the  largest 
variation,  u  became  the  focus  for  isolating  the  variation. 

The  first  step  was  to  check  for  any  drift  in  the 
electronics.  A  2794  fi/D  calibrated  lesistor  network 
(four-point-probe  simulator)  was  used  to  check  the  ac¬ 


table  2 

Repeatability  and  reproducibi'.ty  analysis  results  for  a  1  .3x10'''  lons/cm^..  60  keV  boron  ion  implant 


Ohm/sq 


GAUGE;  OmniMap  Model  RS50 

Target  Rs  = 

520 

Coeff.  of 

USL  = 

559 

Varia'ion  of 

PART  NAME:  MONITOR  SET  A 

LSL  = 

481 

SPEC  =  2.5  * 

CHARACTERISTIC:  SHEET  RESISTANCE 

TOTAL  TOLERANCE;  » 

OO 

(6  sigma)  or 

Total  Tolerance  (=>  1 

Sigma  = 

TT/6) 

OPERATOR  1 

OPERATOR 2 

OPERATOR  3 

FIRST 

SECOND 

Difference 

FIRST 

SECOND  Difference 

FIRST 

SECOND  Differei 

ID 

MEAS 

MEAS 

(D) 

MEAS 

MEAS 

(D) 

MEAS 

MEAS 

(D) 

1 

528.4 

528.1 

0.3 

528.5 

528.4 

0.1 

528.1 

528.1 

0.0 

2 

540.8 

540.6 

0.2 

540.7 

540.6 

0.1 

540.5 

540.6 

0.1 

3 

527.2 

527.3 

0.1 

527.3 

527.2 

O.I 

527.0 

527.0 

0.0 

4 

569.1 

569.3 

0.2 

568.3 

568.5 

0.2 

568.9 

569.0 

0.1 

5 

531.5 

531.7 

0  2 

531.5 

531.9 

0.4 

531.1 

531.1 

0.0 

6 

554.4 

554.6 

0.2 

554.3 

555.3 

1.0 

553.6 

553.6 

0.0 

7 

547.4 

547.1 

0.3 

547.3 

547.3 

0.0 

546.7 

546.8 

0.1 

8 

526.2 

526.2 

0.0 

526.1 

525.9 

0.2 

525.7 

525.6 

0.1 

9 

549.9 

549.8 

0  1 

550.0 

549.9 

0.1 

549.7 

549.2 

0.5 

m. 

_ 222J- 

_ ILL.  _  .. 

529.3 

_ :i28.8 

lU _ 

528.7 

-528.9 

_JL2 

Xu=  540.4  Xi2=540.4  Ri=0.2  X21=540.3  X22=540.4  ?2-0.3  X3i=540.0  X32=540.0  R3=0.1 

[1]  Xi=540.4  (2)  X2=540.4  [3]  X3=540.0 


[4]  Ri=  (Ri+R2+R3)/3=0  2 
[51  Rx  =  Xh  -X|  =0.4 

[6]  [(Sigma)T)2=0.026 

[7]  [(Sigma)D]2=  ([(l/d2)D  *Rx]2  -  [(Sigma)T]2/n*r)  =0.045 

[8]  SQRT  {  [6]  +  [7]  )  =0.27  «  (Sigma)e 

(l/d2)T  =0  867  <-  ({one  gauge  X  10  parts)  =>  A=I0j  and  ((meas.  2X)  =>  B=2] 

(l/d2)D  =0.524  <-  [A=l  and  (no.  of  appraisers)  B=2J;  n=10,  r=2 

[9]  6*[8)/rr=0.02  «  P/T  Ratio 

Avg  =540.3 

[(Sigma)c/Avg]  x  100%  =0.05* 
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Table  3 

Summary  of  gauge  capability  results  for  various  implant  conditions 


Set 

LSL 

Target 

USL 

Cocff. 
of  var. 

(*1 

Total 

tolerance 

P/T  ratio" 

1st  2nd 

3rd 

4th 

A 

481 

520 

559 

25 

78 

0.02 

F 

24 

25  9 

27  8 

2.5 

3.8 

0  07 

Q 

134  5 

145.4 

156.3 

25 

21.8 

0  01 

R 

2300 

2487 

2673 

25 

373 

0.16 

0.09 

U 

2456 

2655 

2854 

2.5 

398 

0  97 

0.50 

0  09 

0.10 

*  1st  three  operators. 

2nd:  C2C  cassette  to  cassette  auto-handler. 

3rd:  C2C  with  minimum  temperature  shift  between  successive  tests. 
4th  C2C  with  sheet  resistance  values  corrected  for  temperature  shifts. 


curacy  for  several  days.  There  was  no  deviation  (SD)  is  attributed  to  substrate  leakage,  which  increases  with 
from  the  certified  value  (within  the  five  digits  reported).  increasing  current.  The  increase  in  sheet  resistance  at 

This  indicated  that  the  level  of  noise  or  variation  due  to  500  pA  is  believed  to  be  caused  by  joule  heating, 

the  electronics  at  this  current  and  voltage  range  were  Much  greater  noise  (SD)  was  expenenced  measuring 

negligible.  To  investigate  the  effect  of  various  currents  set  U  than  the  equivalent  resistor  network  (2794  S2/D) 
on  the  wafer,  ten  measurements  at  seven  currents  around  is  most  likely  due  to  the  contact  resistance, 
the  selected  current  were  made  on  wafer  8  from  set  U  The  next  step  was  to  check  the  short  term  repeatabil- 

without  moving  the  wafer  or  probe  The  resultant  mean  ity  on  different  type  probes  with  a  probe  qualification 
sheet  resistance  and  standard  deviations  are  plotted  in  routine  [6).  Fig.  2  plots  the  mean  and  standard  devia- 

fig.  1.  This  plot  indicates  that  a  current  of  10  pA  gave  tion  versus  probe  tip  radius  on  wafer  8  of  set  U..  As  is 

an  acceptable  standard  deviation  without  changing  the  normally  observed  for  (ugh  resistivity  layers,  the  mean 

sheet  resistance.  The  drop  in  sheet  resistance  at  100  pA  increased  and  the  standard  deviation  decreased  as  the 


1  to  100  1000 


Microamps 

Fig.  1  Sheet  lesistance  and  standard  deviation  for  a  5x10’^  lons/cm^,,  120  keV  phosphorus  ion  implant  as  a  function  of 

mea.surement  current. 
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Probe  Tip  Radius  (mils) 

Fig  2  Sheet  resistance  and  standard  deviation  as  a  function  of  probe  tip  radius  for  a  5x  10'‘  lons/cm',  120  keV  phosphorus  ion 

implant 


probe  tip  radius  increased.  The  best  probe  was  a  Prome- 
trix  type  C  with  an  8  mil  tip  radius  of  tungsten  carbide 
with  40  mil  tip  spacing,  and  100  g  loading  The  stan¬ 
dard  deviation  of  groups  of  five  measurements  were  all 
less  than  the  acceptable  upper  limit  of  0.2%.  Therefore 
the  noise  component  due  to  probe  contact  repeatability 
was  estimated  to  be  less  than  0  2%  Fig.  3  shows  the 
maps  using  the  optimum  8  mil  probe  and  the  less  than 
optimum  1.6  mil  probe.  The  loss  of  definition  in  the 
map  reflects  the  increased  variability  caused  by  the 


inconsistent  probe  contact  as  indicated  in  the  probe 
qualification  tests 

In  the  second  part  of  this  study,,  the  wafers  were 
remeasured  using  an  automatic'  wafer  handler  to  mini¬ 
mize  the  error  caused  by  misplaccnicnt  of  the  wafer  on 
the  stage.  Based  on  the  contour  map  (fig.  3)  the  error 
would  be  substantial  for  low  test-site  densities.  Varia¬ 
tions  approaching  2%  can  be  seen  in  areas  within  1/2 
in  of  each  other  With  the  use  of  the  auto-handler,  set 
U  produced  a  P/T  ratio  of  0,50.  Although  this  was  an 


Fig.  3.  Sheet-resistance  conlou''  maps  for  a  correct  and  incorrect  probe  head  for  a  5x10'^  lons/cm^,  120  keV  phosphorus  ion 
implant,  (a)  Mean.  3292.1  Jl/D,  standard  deviation:  3  357%,  contour  interval'-  1%,  probe:  8  mil  tip  radius;  (b)  mean:  2856  4  £!/□, 
standard  deviation'  4.064%,  contour  interval.  2%.  probe..  1  6  mil  tip  radius. 
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Temperature  (°C) 

Fig  4  Sheet  resistance  as  a  function  of  temperature  for  a  5  x  !0'‘  lons/cW.,'  120  keV  phosphorus  ion  implant. 
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improvement  it  was  a  higher  than  desired  or  expected 
P/T  ratio  based  on  the  probe  qualification  results. 

Because  these  wafers  had  been  measured  at  different 
times  of  the  day  (due  to  tool  availability)  environmental 
changes  that  occurred  during  the  course  of  a  day  were 
investigated  as  probable  causes  of  the  variation.  Tem¬ 
perature  was  found  to  be  t!ie  major  contributing  factor. 
The  test  was  then  repeated  in  the  evening  when  the 
temperature  variation  was  minimal.  This  produced  a 
P/T  ratio  of  0.09  for  set  U,.  which  was  deemed  accepta¬ 
ble.  Because  in  the  normal  operation  it  would  not  be 
desirable  to  wait  for  a  specified  temperature  to  measure 
a  wafer,  a  temperature  coefficient  was  investigated 
Sheet-resistance  and  temperature  measurements  were 
taken  over  a  period  where  the  temperature  changed  by 
7  °  C.  The  sheet  resistance  as  a  function  of  temperature 
(shown  in  fig.  4)  indicates  a  temperature  coefficient  of 
14.5  fi/n/°C.  With  a  normal  temperature  swing  of 
5°C,-  this  would  correspond  to  a  2.7%  sheet  resistance 
shift  for  set  U.  Although  the  temperature  variation  in 
our  facility  is  not  nearly  as  well  controlled  as  in  a 
production  fab,  this  could  easily  account  for  differences 
between  testers  in  different  locations  or  on  the  same 
instrument  between  different  shifts.  Our  results  would 
be  expected  to  be  worst  case  for  this  sample  because  of 


the  wide  temperature  swing.  Results  for  higher-resistiv- 
iiy  samples  would  be  even  worse 


3.  Conclusion 

Gauge  capability  plays  a  major  role  in  statistical 
process  control,  and  there  is  need  to  reduce  any  varia¬ 
tion  from  a  gauge  to  less  then  10%  of  the  total  accepta¬ 
ble  tolerance  or  specification.  It  was  shown  that,  for  the 
tested  processes,  this  is  possible  only  with  close  atten¬ 
tion  paid  to  the  many  variables  that  affect  the  measure¬ 
ment.  For  the  most  difficult  process  tested  5  x  lO'^ 
phosphorus  at  120  keV)  the  P/T  ratio  was  reduced 
from  97%  of  the  total  tolerance  to  less  than  10%  by 
eliminating  placement  errors  and  temperature  effects 
and  by  optimizing  the  measurement  parameters.  It  was 
shown  vhat  using  an  inappropriate  probe  head  or  sig¬ 
nificant  deviations  in  operating  parameters  can  cause 
considerable  shifts  in  the  average  sheet  resistance  (bias) 
as  well  as  nonsystematic  errors  (noise). 

Although  operator  training  had  a  slight  effect  on  the 
gauge  capability  with  regard  to  wafer  placement,  tem¬ 
perature  changes  were  found  to  have  the  most  profound 
effect  on  the  gauge-capability  results.  The  effect  of 
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temperature  was  found  to  be  greater  with  the  hi^er- 
sheet-resistivity  wafers,  as  would  be  expected,  due  to  the 
increased  dependence  of  mobility  on  temperature  at 
lower  concentrations.  Although  more  work  needs  to  be 
done  m  this  area,  this  study  indicates  that  for  a  given 
implant  where  the  temperature  coefficient  has  been 
sufficiently  charaterized,  it  is  possible  to  correct  the 
sheet  resistance  for  temperature  changes. 

One  word  of  caution  in  any  gauge  study:  “Practice 
the  process  you  preach”.  Because  of  time  constraints 
and  wide  fluctuations  in  temperature,  we  reduced  the 
number  of  test  sites  from  a  full  81  or  121  to  5  or  9. 
However,  this  introduced  additional  sensitivity  to  water 
placement  and  orientation.  If  you  monitor  81  sites,  then 
use  81  sites  for  your  gauge  study  and  answer  the  ques¬ 
tion  “How  much  of  your  process  window  is  consumed 
by  your  gauge  (monitor,  operator  and  tester)’”. 
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Ion  implantation  processing  exposes  semiconductor  devices  to  an  energetic  ion  beam  in  order  to  deposit  dopant  ions  in  shallow 
layers  In  addition  to  this  pnmary  process,  foreign  materials  are  deposited  as  particles  and  surface  films  The  deposition  of  particles  is 
a  major  cause  of  IC  yield  loss  and  becomes  e-en  more  significant  as  device  dimensions  are  decreased  Control  of  particle  addition  in 
a  high-volume  production  environment  requires  procedures  to  limit  beamline  and  endstation  sources,  control  of  particle  transport, 
cleaning  procedures  and  a  well  grounded  preventative  maintenance  philosophy  Control  of  surface  charge  by  optimization  of  the  ion 
beam  and  electron  shower  conditions  and  measurement  with  a  real-time  charge  sensor  has  been  effective  in  improving  the  yield  of 
NMOS  and  CMOS  DRAMs  Control  of  surface  voltages  to  a  range  between  0  and  -20  V  was  correlated  with  good  implant  yield 
with  PI920()  implanters  for  p^  and  n*  source-drain  implants 


I.  Introduction 

Ion  implantation  is  u.sed  almost  exclusively  for  the 
planar  doping  of  silicon  in  DRAM  production  We  note 
that  1C  manufacturing  is  currently  operating  in  the  era 
of  the  1  Mbit  and  4  Mbit  DRAM.  The  typical  number 
of  implant  process  steps  has  risen  with  generation, 
increasing  from  about  8  at  256  Kbit  to  approximately 
15  at  4  Mbit  and  up  to  22  at  16  Mbit  Critical  dimen¬ 
sions  have  decrea.sed  significantly  over  these  generations 
and  in  general  gate  oxide  thicknesses  have  decrea.sed. 
All  these  subjects  will  be  carefully  covered  by  many 
papers  in  this  conference 

We  have  studied  experimentally  the  actual  effects  of 
both  .surface  charging  and  particle  addition  dunng  the 
era  of  256  Kbit  and  the  transition  to  1  Mbit  We  have 
learned  some  important  facts  relevant  to  implant 
processing  as  we  enter  the  16,  64  and  256  Mbit  eras.  We 
suggest  a  methodology  to  optimize  yield  based  on  a 
simple  evaluation  of  particle  addition  and  .surface  charge 
voltage.. 

In  order  to  construct  our  model,  we  need  to  consider 
the  principle  circuit  factors  which  drive  yield  at  implant 
steps,  namely 

(1)  Oxide  thickne,ss  (decreasing). 

(2)  Charge  collector  surface.,  area,  geometry,  etc.  (de¬ 
creasing). 

(3)  Cp  feature  size,  mask  opening  size,  etc  (decreasing). 

(4)  Number  of  steps  (increasing). 

We  expected,  therefore,  in  our  experimental  investi¬ 


gations  to  see  an  increasing  sensitivity  in  the  particle 
addition  density  and  surface  voltage  with  time  and  this 
was  indeed  the  case.  This  paper  explains  how  with 
correct  preventative  maintenance  of  equipment  and 
real-time  diagnostics  the  particle  addition  and  charging 
voltage  was  controlled  to  obtain  yield  maximization  for 
a  1  Mbit  DRAM,  based  on  experience  gained  with  the 
256  Kbit  DRAM.  Initial  checks  of  over  15  observables 
showed  the  key  control  parameters  to  be: 

(1)  Measured  surface  voltage. 

(2)  Measured  surface  particle  density. 

(3)  Monitored  preventative  maintenance  activity  for 
implanters. 

2.  Experimental  details 

Two  P19200  ion  implanters  were  u.sed;  these  were 
fitted  with  real-time  charge  sensors  (shown  in  fig.  1)  as 
described  in  another  paper  presented  at  this  conference 
[]].  Particle  counts  from  monitor  wafers  were  obtained 
at  0.5  pm  and  1.0  pm  using  an  Aeronca  WIS  150,  by  a 
pre-implant  measurement,  a  post-implant  mea.surement 
and  calculating  the  differences.  Particle  mea.surement 
wafers  were  included  inside  each  product  wafer  lot  to 
get  a  realistic  and  actual  particle  count  in  the  pre.sence 
of  photoresist  masks,  previously  deposited  particles,  etc. 
Before  and  after  measurements  were  used  with  a  edge 
exclusion  of  7  mm.  One  further  P19260  implanter  was 
fitted  with  a  real-time  particle  monitor  [2]  to  investigate 
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Fig  I  Schematic  of  charge  control  system  showing  capacitive  charge  sensor  and  associated  electronics 


cleaning  techniques  to  control  particle  addition  within 
defined  limits. 

We  u.sed  standard  256  Kbit  and  1  Mbit  DRAM 
product  wafers  and  performed  designed  experiments  to 
establish  the  optimum  charge  neutralization.  The  charge 
neutralization  system,  fitted  to  the  implantcr,  con.sists 
of  a  primary  electron  space-charge  limited  diode  flood 
gun  of  the  type  invented  by  Renau  et  al.  [3]  In  this 
ca.se,  inert  gas  is  introduced  into  the  inter-anode/ 
cathode  gap  to  reduce  primary  electron  energy  to  be¬ 
tween  1  to  15  V 

The  two  PI9200  implanters  (A  and  B)  were  com¬ 
pared  in  these  experiments  with  a  third  implanier  (C) 
from  the  perspective  of  an  independent  control  A  fur¬ 
ther  implanter  (D)  (PI9200)  was  u.sed  to  perform  par-- 
ticulate  cleaning  tasks 

3.  Results 

Preliminary  experiments  showed  that  the  n  *  .source 
drain  implant  performed  on  the  256  Kbit  DRAM  had 
the  major  implant  sensitivity.  This  is  because  it  is  both 
the  highest  dose  and  it  inflicts  the  greate,st  voltage/time 
stress  on  the  gate  oxide.  From  this  experience  the  n  ^ 
and  p^  .source-drain  implants  for  1  Mbit  were  chosen 
as  “  test  vehicles”  for  the  optimizing  process.  These  are 
the  highest  current,  highest  dose  implants  in  the  major¬ 
ity  of  CMOS  designs. 

Fig  2  shows  the  particle  counts  obtained  by  the 
particle  measurement  loop  for  the  256K  n^  SD.  IM 


n''SD  and  IM  p'SD  The  data  points  are  mixed  to¬ 
gether  as  the  various  processes  were  run  sequentially  on 
the  two  implanters  but  the  combined  mean  level  for 
implanter  a  was  approximately  4  9  particles  added  per 
150  mm  wafer  at  >  1  gm.  Average  of  >  0.5  gm  was  11 
particles  added.  It  is  important  to  distinguish  these 
numbers  as  production  values  with  the  implants  in  the 
presence  of  photoresist  masks 

The  simple  result  was  that  no  sensitivity  to  particle 
levels  below  30  particles  at  0.5  gm  was  found  for  either 
implanter.  Above  that  level  some  yield  losses  were  mea¬ 
surable  at  the  60  particle  level.  A  direct  increase  of  bit 
zero  failure  is  .seen  above  30  particles  Below  30  no 
improvement  was  measured. 
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Fig  3  Multiple  spin  cleans  ensure  low  particle  levels  of  im- 
plunter 


The  high  peak  values  of  particle  counts  (shown  in 
fig.  2)  consisted  of  implants  that  occurred  immediately 
following  the  implantcr  .servicing  by  venting  the  endsta- 
tion  to  air  The  occurs  infrequently  because  the 
processing  chamber  is  normally  at  vacuum  (the  9200 
implaniers,  A  and  B,  are  loaded  by  vacuum  loadlock). 
Vacuum  loading  generally  is  capable  of  lower  particle 
additions,  note  the  direct  compar'son  of  implanier  C  an 
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Fig.  4.  Charge  sensor  voltage  range  as  a  function  of  flood 
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air  loaded  system,  which  is  exposed  to  venting  after 
each  implant. 

The  high  particle  levels,  after  backfilling  implanter  A 
endstation,  were  entirely  eliminated  by  conditioning  the 
post-acceleration  to  avoid  arcing  and  by  spin  cleaning 
the  endstation  by  purging  dry  Nj  at  a  pressure  of  400 
mbar  and  spinning  the  wheel  at  800  rpm.  The  effective¬ 
ness  of  this  process  is  shown  in  fig.  3.  We  obtained  the 
clean  up  completion  by  using  a  real-time  particle  detec¬ 
tor  m  the  vacuum  chamber  [2]. 

The  surface  potential  that  was  measured  on  the  1 
MBit  DRAM  wafers  for  the  n^  and  p'^  source-drain 
implants  is  shown  in  figs.  4  and  5.  Over  the  whole 
emission  and  gas  pressure  range  it  can  easily  be  ob¬ 
served  that  the  range  of  surface  voltage  (ma/vimum  to 
minimum)  that  occurs  dunng  mechanical  scanning  is 
reduced  as  the  electron  flood  emission  is  increased.  Also 
the  overall  mean  value  of  surface  potential  shifts  more 
negative  with  increasing  electron  flood  emission;  this  is 
the  same  characteristic  seen  with  many  charge  neutrali¬ 
zation  systems  (4),  and  the  quantification  of  this  param¬ 
eter  was  found  to  be  very  important  in  this  work.  As  the 
high  doss  implant  progresses,  the  endstation  pressure, 
photoresist  conductivity  and  other  parameters  vary  and 
the  measured  surface  potential  changes. 

Fig.  6  shows  the  extreme  negative  value  of  charge 
sensor  potential  which  initially  shows  approximately 
- 10  V  for  50  mA  for  3  x  10'^  mbar  pre.ssure.  As  the 
number  of  scans  increases,  the  negative  potential  in¬ 
creases.  Eventually,  after  a  dose  of  about  1  x  lO'^cm'^,. 
an  equilibrium  value  is  achieved. 

We  establi.shed  a  manufacturing  specification  (dem¬ 
onstrated  here  by  the  30  V  line).  A  similar  pattern  of 
curves  was  established  for  both  implants  By  analyzing 
the  IC  yield  results  the  normalized  yield  for  the  n'^ 
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Fig  7  Normalized  third  yield  versus  charging  for  n  ^  SD 


process  was  constructed  (fig.  7)  as  a  function  of  the 
limit  of  the  negative  potential  maximum.  Negative 
potentials  in  excess  of  — 12  V  decrease  yield  for  the  n"^ 
implant  and  a  -  30  V  limit  was  established  similarly  for 
the  p”^  process  (fig.  6). 

These  negative  limits  are  und-rstood  to  be  the  maxi¬ 
mum  allowed  values  to  avoid  significant  gate  oxide 
stress.  Another  technique  sometimes  used  to  quantify 
this  limit  IS  the  gate  oxide  integrity  test  circuit  con¬ 
structed  on  special  test  wafers.  We  used  such  a  test 
vehicle  and  could  produce  visible  and  measurable  re¬ 
sults  with  only  very  extreme  cases.  Fig.  8  shows  a 
photograph  demonstrating  gross  capacitor  failure  which 
was  only  obtained  with  zero  flood  on  implanters  A  and 
B. 

Over  the  entire  range  of  electron  emission,  50  to  -’00 
mA.  no  damage  to  the  gate  oxide  integrity  circuit  could 
be  found,  for  either  p'*  or  n^  source  drain  implants. 


Fig.  8.  Optical  microscope  photograph  of  gate  oxide  integrity  test  capacitor.  The  edge  failure  is  clearly  marked.  It  occurred  with  zero 

flood. 
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Fig.  9  Charge  se.isor  voltage  for  high  pressure  and  low  pres¬ 
sure  cases. 


Only  the  p*  .source  drain  implant  showed  these  failures 
without  any  flood  gun  emission.  Looking  at  fig.  4  we 
see  that  a  -i-  50  V  or  greater  potential  probably  occurs 
before  it  is  sensed  on  this  gate  oxide  monitor  circuit. 
The  charge  sensor  has  at  least  one  order  of  magnitude 
greater  sensitivity,  and  the  result  is  continuously  availa¬ 
ble  in  real  time. 

We  also  found  that  the  capacitive  charge  .sensor  was 
useful  in  detecting  other  yield  influencing  factors  that 
previously  were  unnoticed.  With  increased  pressure  dur¬ 
ing  implant,  caused  by  photoresist  outgassing  during 
the  first  5x10''*  cm'^  part  of  the  implant  |5),  the 
negative  surface  charge  may  be  increased.  Variations 
will  occur  in  this  outgassing,  due  to  effectiveness  of  air 
bake,  wait  time.  etc.  We  have  shown  that  these  varia¬ 
tions  cause  significant  changes  in  the  negative  charging 
of  the  wafer  surface  and  this  leads  to  increased  /,ju 
device  failures.  Various  other  factors  can  lead  to  this 
increased  pressure  condition  including  cryo-pump 
failure,  improperly  baked  photoresist,  vacuum  leaks, 
etc. 

We  noticed  about  -  2  to  -  5  V  increase  in  negative 
excursion  for  resist  that  had  a  noticeably  greater  out- 
gassing  characteristic  (see  fig.  9).  In  order  to  produce 
repeatable  results  we  deliberately  altered  the  pressure  in 
the  endstation  during  the  whole  implant.  This  shifted 
the  negative  surface  voltage  enough  to  cause  very  major 
yields  loss  as  demonstrated  by  fig.  7.  A  theoretical 
model  will  be  presented  in  a  later  publication  by  Mof¬ 
fatt  and  Horvath  [6]. 


4.  Conclusion 


4 


The  use  of  quantitative  techniques  that  measure;  (1) 
wafer  surface  voltage  on  product  wafer,  and  (2)  particle 


Table  1 

The  no-loss  yield  control  values  for  charge  and  particle  for  1 
Mbit  DRAM,  and  the  first  order  yield  impact  if  the.se  limits 
are  exceeded.  The  results  were  obtained  for  Taguchi  matrix 


Implant 

Parameter 

No-loss 
control  level 

Yield  impact 

n^SD 

charge 

-12  V 

2.1%  per  volt 

particle 

30  particles/ 
wafer 

0.07%  per  particle 

per  water 

p^SD 

charge 

-30  V 

5  0%  per  volt 

particle 

30  particle/ 
wafer 

0.07%  per  particle 

per  wafer 

addition  to  wafer  added  to  production  lot,  can  establish 
control  limits  in  a  very  simple  manner.  By  picking  one 
or  two  of  the  most  electrically  stressful  implants  (source 
drain)  and  setting  controls  based  on  the  yield  impact 
curve,  a  rapid  transition  to  new  generation  products  can 
be  made.  We  used  the  256  Kbit  to  1  Mbit  DRAM  to 
explain  our  methodology:,  it  is  generally  applicable  to 
increasingly  complex  anu  sensitive  designs. 

Table  1  shows  -he  control  limits  .set  and  deviations 
measured  with  a  five  parameter  designed  (Taguchi) 
experiment.  The  control  levels  are  fixed  by  the  family  of 
curves  that  we  obtained  in  a  similar  manner  to  fig.  7. 
The  no-loss  control  levels  are  the  maximum  negative 
charging  voltage  as  measured  by  the  charge  sensor.. 
These  values,  —30  V  for  p*'  source  drain  and  -12  V 
for  n*^  source  drain,  are  the  critical  values.  No  positive 
excursion  (>  0  V)  is  allowed.  The  yield  impact  caused 
by  exceeding  the.se  values  is  2.1%/V  and  ,5  0%/V.  re¬ 
spectively.  Real  manufacturing  control  levels  were  re¬ 
commended  well  inside  the  .safe  region.  If  this  parame¬ 
ter  is  not  controlled  or  if  gate  oxide  monitoring  is  used 
a  ±50  V  variation  may  easily  occur  due  to  wafer 
causes,  machine  malfunction  or  incorrect  maintenance 
for  any  high  current  implanter. 

In  a  similar  way  a  particle  control  limit  of  30  par¬ 
ticles  was  established  with  a  0.07%  per  particle  per 
wafer  sensitivity.  For  implanters  A  and  B  this  never 
happened  when  we  followed  the  correct  spin  clean  and 
high  voltage  conditioning  maintenance  procedure.. 
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When  molybdenum  is  utilized  for  the  construction  of  arc  chambers  for  ion  implanters.  the  species  ’*Mo^''  is  co-implanted  dunng 
implantation,  due  to  its  coincident  charge-to-mass  ratio.  The  metal  ions  are  generated  as  the  fluorinated  species  in  the 
source  plasma  react  with  the  molybdenum  arc  chamber  components  The  peak  molybdenum  concentration  in  the  substrate,  as 
measured  by  secondary  ion  mass  spectrometry,  increa.ses  with  increasing  source  arc  current  for  a  given  dose  Molybdenum  acts  as  a 
deep-level  impurity,  which  significantly  reduces  bipolar  transistor  gain  The  diffusion  of  molybdenum  in  silicon  is  studied  and  its 
effect  on  solid  state  device  performance  is  discussed  Tantalum  is  suggested  as  an  alternative  source  material 
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1.  Introduction 

Molybdenum  concentrations  as  high  as  2.3  x  10'* 
cm'-’  (45  ppm)  were  delected  in  BFj  implanted  silicon 
wafers  by  secondary  ion  mass  spectrometry  (SIMS).  We 
will  show  that  this  contamination  occurs  while  using  an 
implanter  having  molybdenum  source  arc  chamber 
components.  The  doubly  ionized  .species  ’*Mo^'''  has  the 
same  charge-to-mass  ratio  as  the  "b'’F2''  molecular 
ton.  As  a  result,  the  doubly  ionized  molybdenum  ion  is 
not  filtered  out  by  the  mass  analyzer  magnet  and  the 
species  IS  co-implanted.  Part  of  this  study  will  identify 
the  ion  source  parameters  that  affect  the  molybdenum 
concentration  in  the  substrate. 

Molybdenum  is  known  to  be  a  strong  minority  car¬ 
rier  lifetime  killer  in  silicon  (1].  Its  deep  electrical  level 
in  the  silicon  bandgap  ol  0.31  eV  above  the  valence 
band  makes  it  a  powerful  recombination  center  [2]. 
Moreover,  Mo  has  been  characterized  as  a  fast  diffuser, 
with  a  diffusivity  on  the  order  of  10"*  cmVs  at  high 
temperatures  [3].  This  makes  it  a  potentially  dangerous 
contaminant,  p.'irticulariy  in  devices  requinng  long 
minonty  carrier  lifetimes  such  as  bipolar  transistors  and 
solar  cells.  We  observed  that  the  diffusion  of 
molybdenum  in  the  silicon  substrate  was  strongly  in¬ 
fluenced  by  the  residual  implant  damage.  This  phenom¬ 
enon  has  been  studied  in  detail  by  Tsai  et  al.  [4]. 

The  molybdenum  contamination  in  the  substrate  can 
be  reduced  significantly  by  cladding  the  molybdenum 
components  of  the  implanter  source  arc  chamber  with 
tantalum  foil.  A  split  lot  experiment  was  designed 
around  test  device  wafers  implanted  using  the  tantalum 
cladded  source  and  a  standard  molybdenum  source  to 
understand  the  impact  of  the  implanted  metallic  con¬ 


tamination.  It  was  determined  that  the  presence  of 
molybdenum  significantly  reduced  the  current  gain  of 
both  p-n-p  and  n-p-n  parasitic  bipolar  transistors. 
This  IS  consistent  with  the  a.ssessment  that  Mo  is  a 
minonty  carrier  lifetime  killer. 


2.  Experimental 

The  first  part  of  this  study  consisted  of  identifying 
the  presence  of  molybdenum  in  implanted  wafers  and 
understanding  the  dependence  of  its  concentration  on 
implanter  parameters.  Using  an  Eaton  Nova  NVlO-80 
high-current  implanter.  100  mm  phosphorus  doped  epi¬ 
taxial  silicon  wafers  with  p  =  0.45  flcm  and  (100) 
orientation  were  implanted  with  BFj  at  80  keV  with 
8.0  X  10'*  cm  dose.  All  implants  were  performed  using 
a  wafer  tilt  of  7°.  A  Nova  White  enhancement  source 
with  a  molybdenum  arc  chamber  was  used.  Wafers  were 
implanted  at  source  arc  currents  ranging  from  0.5  to  2.0 
A  and  arc  voltage  values  of  90  and  120  V.  All  elemental 
depth  profiles  were  obtained  via  SIMS  analysis  per¬ 
formed  on  a  Riber  MIQ156  ion  niicroprobe.  The  instru¬ 
mental  conditions  for  all  SIMS  analyses  were  identical. 
An  oxygen  primary  beam  accelerated  to  8  keV  was 
used,  with  100  nA  of  beam  current  and  rastering  the 
beam  over  a  1.5  mm  x  1.5  mm  area. 

To  understand  the  impact  of  the  molybdenum  con¬ 
taminant  on  solid  state  devices,  a  split  lot  experiment 
was  performed  using  an  80  keV,  4.0  X  10'*  cm"^  BF^ 
implant  as  the  p-channel  source/drain  implant  in  a 
single  well  CMOS  process.  Three  lots  of  24  wafers  were 
split  between  a  standard  4.0  mA  beam  current  implant 
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Fig  1.  BF,  feed  gas  mass  spectrum.  Arc  current  =  2  3  A,  arc 
voltage  =  90  V,  80  keV 


and  a  1.0  mA  implant  with  a  source  lined  with  tantalum 
foil  to  prevent  molybdenum  ion  generation.  Parametric 
electrical  MOS  and  parasitic  bipolar  test  structures  were 
used  and  the  electrical  modulation  due  to  the  presence 
of  molybdenum  is  discussed  below. 


3.  Detection  of  Mo  in  the  substrate 

Molybdenum  contamination  was  suspected  to  be  in 
the  BFj  beam  due  to  the  presence  of  small  peaks  around 
98  amu  in  the  boron  tnfluoride  spectrum.  As  shown  in 
the  beam  mass  spectrum  shown  in  fig.  1 ,  small  peaks  in 
the  order  of  10  pA  are  seen  in  the  range  where 
molybdenum  occurs  (92-100  amu).  The  most  abundant 
molybdenum  isotope  is  ’*Mo.  with  a  natural  abundance 
of  1.4%  [5].  Most  components  of  the  Nova  White  source 
are  constructed  of  molybdenum,  suggesting  a  likely 
source  of  the  metal  ions.  Initially,  the  presence  of  a 
doubly  ionized  molybdenum  species  could  only  be 
speculated  since  the  intense  *’BF2  peak,  which  has  an 
equal  charge-to-mass  ratio,  was  a  direct  interference  in 
the  spectrum. 

To  confirm  the  existence  of  the  molybdenum  in  the 
implanted  substrates,  SIMS  analysis  was  performed  on 
implanted  silicon  wafers.  Fig.  2  shows  the  as-implanted 
SIMS  profile  of  the  BF2  implant,  clearly  indicating  the 
presence  of  molybdenum. 

Silicon  wafers  were  implanted  with  BFj^  at  different 
source  arc  currents  and  voltages.  Peak  molybdenum 


Fig.  2  As-m. planted  BFj  SIMS  profile 


concentrations  for  each  wafer  were  obtained  by  SIMS 
analysis.  Table  1  summarizes  the  peak  as-implanted 
molybdenum  concentrations  for  each  set  of  source  con¬ 
ditions,  and  shows  that  an  increase  in  the  source  arc 
potential  did  not  cause  an  appreciable  variation  in  the 
peak  molybdenum  con.  .^ration.  Fig.  3  is  a  semi-log 
plot  that  reveals  an  Aponential  relationship  between 
the  peak  as-implanteu  molybdenum  concentration  and 
the  source  arc  current. 

No  singly  or  doubly  ionized  molybdenum  ions  were 
observed  in  an  argon  source  plasma  spectrum,  inferring 
that  the  molybdenum  ions  are  not  generated  merely  by 
a  plasma  sputtering  process  The  sugge.  .  reaction  that 
takes  place  within  the  source  plasma  is: 

Mo  +  F,  MoF,. 

A  surface  reaction  appears  to  take  place,  proceeding 
via  fluoride  intermediates  as  F“  species  react  with  the 
molybdenum  metal  from  the  arc  chamber  components 
producing  a  molybdenum  fluoride  compound.  This 
compound  gets  dissociated  in  the  source  plasma,  gener- 


Table  1 

Summary  of  SIMS  data  vs  source  parameters  (BF^,.  80  keV, 
8X10”  cm 


Arc 

current 

(Al 

Arc 

voltage 

[V] 

Peak  molybdenum 

concentration 

[cin-'l 

Peak  boron 

concentration 

(cm-'l 

05 

90 

1  2x10” 

10x10*' 

1  0 

90 

2  9x10” 

1  lx  10*' 

1,5 

90 

1.1  xlO” 

9  0x10*" 

20 

90 

2  3x10'* 

1.2x10*' 

2.0 

120 

1  2x10'* 

1  2x10*' 
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Fig  1  Peak  molybdenum  concentration  vs  arc  current 


ating  the  molybdenum  ions  Increasing  the  source  art- 
current  will  increase  the  rate  of  ionization  of  the  BF, 
feed  gas  components,  producing  a  higher  concentration 
of  fluorine  radicals  In  addition,  the  arc  chamber  tem¬ 
perature  increases  with  increasing  arc  current  As  a 
result,  the  surface  reaction  rate  increases  and  more 
molybdenum  ions  are  created.  The  ratio  of  molybdenum 
to  BFj  ions  in  the  beam  appears  to  increase  with 
increasing  arc  currents,  which  is  confirmed  by  the  rea¬ 
sonably  consistent  per.k  boron  concentrations  listed  in 
table  1 


4.  Diffusion  characteristics  of  Mo  in  Si 

The  phenomenon  of  Mo  contamination  is  not  re¬ 
ported  in  the  literature.  However,  its  distribution  after 
an  active  anneal  can  be  explained  by  previously  pub¬ 
lished  results.  Others  have  shown  how  the  defects  that 
form  during  BFj  implantation  act  to  getter  the  F  in  the 
substrate  during  annealing  [4,6].  Here,  we  see  the  getter- 
ing  effect  for  both  Mo  and  F. 

The  BFj-implanted  Si  wafer  was  furnace  annealed  at 
920  °  C  for  30  min.  The  resultant  depth  profile  is  shown 
in  fig.  4,  which  compares  the  annealed  elemental  distri¬ 
butions  with  those  before  annealing.  The  implant  dose 
(8.0  X  10’*  cm'  ■)  creates  a  shallow  amorphous  layer 
After  annealing,  defect  zones  appear  to  be  localized  to 
three  regions.  These  zones  are  believed  to  be  due  to  the 
formation  of  the  amorphous  layer  and  damaged  crystal¬ 
line  region  during  implantation  [4].  While  Mo  and  F  are 
preferentially  gettered  to  the  defect  zones,  B  does  not 
appear  to  be  affected.  Note  the  narrowing  of  the  distri¬ 
bution  after  annealing,  which  suggests  that  the  cry.stal 


regrowth  process  and  residual  defects  are  not  only  pro¬ 
hibiting  diffusion  of  Mo  deeper  into  the  Si,  but  also  that 
the  low-level  Mo  which  had  an  implant  range  beyond 
the  damaged  regions  is  being  gettereJ  towards  the 
surface,  to  the  low-energy  defect  zone. 

5.  Electrical  effects  of  Mo  on  devices 

An  experiment  was  p(.-fofmed  to  assess  the  electrical 
effects  of  the  molybdenum  contaminant  on  both  para¬ 
sitic  bipolar  and  MOS  devices.  To  get  a  BFj  beam  free 
oi"  molybdenum  contamination,  the  implanter  source 


Fig.  4.  BEj-implanted  SIMS  profiles  -  furnace  anneal. 
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Fig.  5  n-p-n  bipolar  test  structure 


arc  chamber  was  clad  with  tantalum  foil.  A  .source 
plasma  arc  and  a  1.0  mA  BF^  beam  were  obtained  with 
stable  source  parameters.  An  80  keV,  80  X  10'^  cm“^ 
beam  was  used  to  implant  bare  silicon  wafers.  SIMS 
analysis  was  performed  on  the  sample  and  no 
molybdenum  was  detected  above  1.0  X  10'*  cm'’’ 

Three  lots  of  25  test  structure  wafers  were  split  in 
half  The  first  half  of  the  set  was  implanted  using  the 
tantalum  arc  chamber  to  ensure  a  molybdenum-free 
beam.  The  BFj  implant  parameters  were  4  0  X  10'*cm"^ 
dose.  80  keV  energy,  at  1.0  mA  of  beam  current  with  1.0 
A  of  source  arc  current.  The  second  half  was  implanted 
with  the  standard  molybdenum  arc  chamber  for  the 
same  energy  and  dose  as  the  first  half.-  but  at  4.0  mA  of 


BF2  beam  current  with  1.5  A  of  .source  arc  current. 
Based  on  SIMS  data,  the  peak  as-implanted 
molybdenum  concentration  should  be  in  the  low  10"* 
cm”’  range. 

The  100  mm  wafers  contained  diverse  electrical  test 
.structures  of  both  MOS  and  bipolar  configuration.  After 
processing,  the  wafers  were  tested  on  a  Keithley  S350 
electrical  testing  system  Different  locations  across  each 
wafer  were  tested  for  the  same  type  of  device  for  a  total 
of  495  test  results  per  structure.  Statistical  analysis  was 
performed  for  all  devices  and  those  that  showed  signifi¬ 
cant  parametric  modulation  are  discussed  below 

The  parasitic  bipolar  devices  shown  in  fig.  5  and  6 
exhibited  the  greatest  electrical  modulation  due  to  the 
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Fig  7  Parasitic  BIT  (bipolar  junction  transistor)  gam  decrease  due  to  molybdenum  arc  chamber  (95%  confidence  intervals) 


presence  of  molybdenum  in  the  BFj-tmplanted  area.  In 
all  cases,  the  p^  BF_  -inplanted  region  corresponds  to 
the  80  kV,  4.0  X  10’^  cm""  implant  A  standard  current 
gain  (j8)  test  was  performed  on  both  structures  with 
electrical  biasing  as  shown  in  the  figures.  For  both 
devices,  p  was  calculated  as  follows. 

P  ~~  ^collettor/^hdsc  ’ 

where  /,.„n«ior  current  in  the  collector  and 
the  current  in  the  base 

The  n-p-n  tran.sistor  shown  in  fig,  5  utilizes  the 
boron  implanted  p-well  region  as  the  base,  while  the  p^ 
BFj-implanted  region  serves  as  the  base  comact.  The 
effective  base  length  is  approximately  two  microns.  The 
mean  P  value  for  the  devices  implanted  with  the 
molybdenum  source  was  140.  As  seen  in  fig.  7,  the  mean 
p  of  the  molybdenum  contaminated  devices  was  19% 
lower  than  the  devices  implanted  with  the  tantalum 
source 

The  p-n-p  device  shown  in  fig,  6  has  a  5.,5  pm  base 
residing  in  the  n-epitaxial  silicon  layer.  For  this  struc¬ 
ture.  the  BFj-implanted  region  serves  as  the  p*  emitter 
and  also  as  the  p  *  collector  contact..  The  mean  P  value 
for  the  devices  implanted  with  the  molybdenum  source 
was  0.20.  Fig.  7  shows  the  57%  P  reduction  due  to  the 
presence  of  molybdenum  in  the  p^  regions. 

For  both  parasitic  bipolar  devices  the  BFj-implanted 
region  has  immediate  proximity  to  the  base.  The  de¬ 
crease  in  P  on  the  molybdenum-contai-  iinated  wafers  is 
due  to  a  decrease  in  collector  current  since  the  base 
current  is  fixed  at  1  pA  for  both  tests.  A  likely  mecha 
nism  for  this  decrease  in  emitter-collector  current  is  an 
increased  concentration  of  recombination  centers  in  the 
ba.se.  Molybdenum,  as  stated  earlier,  has  been  identified 
as  a  powerful  minority  carrier  lifetime  killer  and  is  the 


likely  source  of  these  recombination  centers.  By  outdif- 
fusion  from  the  p""  region  to  the  base  region, 
molybdenum  atoms  increase  the  concentration  of  re¬ 
combination  centers,  contnbuting  to  decreased  minonty 
carrier  lifetimes  in  the  base  Further  proof  of  this  model 
is  the  larger  P  reduction  effect  in  the  longer  base  device 
(5.5  pm  vs  2  pm).  With  decreased  lifetimes,  more 
minority  carriers  will  recombine  in  a  longer  base  device 
before  they  reach  the  collector.  As  a  result  the  magni¬ 
tude  of  the  current  gam  decrease  is  greater  on  the  long 
base  device. 

The  post-diffusion  SIMS  profiles  (fig.  4)  show  the 
molybdenum  distribution  contained  well  within  the 
boron  profile.  It  is  important  to  note  that  the  SIMS 
instrument  used  i.n  ihis  expcrirnciii  '  as  a  detection  limit 
of  approximately  1  x  10’*  cm'-’  for  molybdenum  in 
silicon.  A  significant  amount  of  molybdenum  has  possi¬ 
bly  diffused  beyond  ilie  implant  damage  region  and  the 
junction  depth.  The  diffusivity  of  molybdenum,  known 
to  be  high  in  the  absence  of  implant  damage,  suggest 
the  penetration  depth  can  be  large.,  exceeding  several 
microns.  The  electrical  res  ts  from  the  bipolar  tests 
suggest  that  this  mechanism  occurs.  A  recombination 
trap  concentration  as  low  as  10’”- 10"  cm"'"  in  the  base 
is  sufficient  to  degrade  transistor  gain. 

A  practical  .solution  to  the  molybdenum  cross  con¬ 
tamination  problem  is  the  use  of  different  materials  to 
build  the  source  arc  chamber.  In  addition,  molybdenum 
parts  should  also  be  avoided  around  the  extraction 
electrode  assembly.  The  impinging  beam  is  likely  to 
sputter  off  and  onize  molybdenum  atoms  from  the 
electrode,  which  can  easily  incorporate  into  the  beam. 

Tantalum  appears  to  be  the  best  alternative  due  to 
Its  high  atomic  weight,  resistant  thermal  propertle.^.  and 
ease  of  machining.  The  tantalum  foil  used  in  this  experi- 
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merit  was  effective  in  eliminating  the  molybdenum  con-  arc  chamber  of  a  different  material.  Preliminary  results 

tamination  and  sustained  little  damage  after  five  hours  using  tantalum  suggest  it  to  be  the  metal  of  choice, 

of  containing  the  source  plasma. 


6.  Conclusion 

The  presence  of  co-implanted  molybdenum  in  BFj 
implants  has  been  identified,  and  the  mechanism  of  its 
incorporation  into  the  ion  beam  has  been  propo.sed.  The 
concentration  of  molybdenum  in  the  .substrate  has  been 
shown  to  increase  exponentially  with  increasing  ion 
.source  arc  current. 

Depth  profile  analysis  using  SIMS  has  revealed  that 
much  of  the  molybdenum  is  gcttered  during  furnace 
annealing  by  residual  implant  damage  caused  by  the 
implantation  process.  However,  the  results  of  electrical 
measurements  of  devices  built  on  substrate  con¬ 
taminated  by  molybdenum  during  BFj  implantation 
sugge.sts  that  low  levels  of  the  metal  species  diffuse  into 
the  silicon.  The  most  dramatic  effect  observed  was  the 
reduction  of  parasitic  bipolar  transistor  gain,  argued  to 
be  caused  by  the  carrier  recombination  properties  of 
molybdenum  is  silicon. 

The  process  of  molybdenum  contamination  can  ef¬ 
fectively  be  eliminated  by  constructing  the  ion  .source 
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The  uniformity  of  ion  implantation  across  a  chip  is  becoming  more  important  as  the  density  of  devices  on  a  chip  increases  and  the 
matching  tolerance  of  device  parameters  across  a  chip  decreases  and  becomes  more  critical  In  order  to  investigate  lon-impIant 
micro-iiniformity,  a  special  van  der  Pauw  mask  was  designed  with  400  structures  per  square  centimeter  This  mask  has  been  used  with 
a  polysilicon-on-oxide  test  structure  to  investigate  chip  nucrvi-uniformity  Both  medium-  and  high-current  implanters  have  been 
studied  using  this  dense  van  der  Pauw  pattern  Contour  maps,  3D  maps  and  histograms  are  used  to  display  the  variation  of  dose 
across  a  chip  area  Results  are  also  presented  for  micro-nonuniformity  patterns  deliberately  introduced  on  a  wafer  Several  optical 
techniques  are  also  presented  to  map  closely  spaced  stripes  across  the  wafer 


1.  Introduction 

Ion  implantation  offers  many  unique  advantages  in 
semiconductor  manufacturing  Wlulc  making  possible 
low  doping  levels  necessary  for  new.  high-density  ULSI 
devices,  ion  implantation  al.so  provides  the  important 
prcKc.ss  advantages  of  repeatability  and  uniformity. 
Wafer  uniformity  of  le.ss  than  1*?  is  now  generally 
accepted  as  the  industry  standard.  The  question  ari.ses 
as  to  the  do.se  variation  across  much  smaller  dimensions 
[1] 

A  great  deal  of  interest  has  been  expressed  recently 
in  achieving  and  measuring  micro-uniformity  on  silicon 
wafers.  Earlier  work  [2.3]  used  the  measurement  of 
di.screte  diode  capacitors  to  measure  micro-uniformity 
on  3  inch  wafers  The  density  of  the  capacitors  was 
10000  cm  ’^.  Perloff  [4]  recorded  uniformity  measure¬ 
ments  using  van  der  Pauw  [5]  structure.s.  He  also  im¬ 
planted  a  pattern  of  rectangular  openings  in  a  mask 
oxide,  which  had  been  photolithographically  defined. 
This  quilt  pattern  was  tested  with  the  four-point  prob**. 
using  a  precision  orober. 

This  investigation  will  report  on  a  pattern  of  van  der 
Pauw  structure.s  photolithographically  defined  and 
etched  into  a  polysilicon  layer  This  proved  to  be  a 
particularly  interesting  study  because  the  difficulty  in 
achieving  complete  electrical  activation  in  polysilicon 
[6]  had  not  been  anticipated.  A  very  ^interesting  phe¬ 
nomenon  of  the  polysilicon  changing  optical  thickne.s.s 

'  Pre.sent  addre.ss  Semaiech.  2706  Montopolis  Dr .  Austin.  TX 
7874),,  USA. 


after  ion  implantation  and  annealing  was  observed 
Work  will  also  be  presented  on  the  measurement  of 
micro-uniformity  using  an  optical  technique  that  in¬ 
volves  a  microscope-based  .spectrophotometer  (Prome- 
trix  FT  probe)  using  C.'kRIS  (constant-angle  reflectance 
interference  .spectro.scopy). 

2.  Structure  and  experiment 

The  actual  van  der  Pauw  structure  used  in  this  work 
IS  shown  in  fig  1  The  size  of  the  complete  van  der 
Pauw  is  300  gm  by  400  pm.  The  test  pads  are  100  pm 
square,  as  is  the  body  of  the  resistor.  The  spacing 
between  the  structures  is  100  pm  in  the  A'-direction  and 
200  pm  in  the  T-direction,  resulting  in  a  density  of 

-  400pm  - ► 


F'lg  1  The  van  der  Pauw  structure  used  in  this  study  The  size 
of  the  structure  is  3lX)  pm x 400  pni 
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Fig  ?  The  van  der  Pauw  structure  on  the  2  cm  x 2  cm  chip  or  die  The  chip  has  40  van  der  Pauw  structures  in  the  X--  and  the 

y'-dircclion,  giving  a  total  denMty  of  1600  chips  per  die 


20  X  20  or  400  cm '  *.  The  masking  for  this  experiment 
was  done  on  the  new  Nikon  Stepper  which  provides  an 
image  field  of  2  cm  x  2  cm.  for  a  total  of  1600  sites  per 
die.  Fig.  2  shows  the  van  der  Pauw  array  Intrinsic 


polysiticon  was  deposited  on  SOO  A  of  thermal  SiO,. 
with  an  average  thickness  of  3000  A  and  a  standard 
deviation  of  about  10  A  or  0.33%  These  wafers  were 
exposed  courtesy  of  Andrew  Cosio  at  Nikon  Preci.sion 
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Inc.  in  Bellmont,  CA.  The  wafers  were  etched  and  the 
photoresist  stripped  at  National  Semiconductor.  Im- 
plant«  were  done  at  National  Semiconductor  as  well  as 
IICO  Corp.  of  Santa  Clara,  CA.  An  advantage  of  this 
structure  is  that  the  pattern  can  be  etched  before  the  ion 
implant.  After  implantation  the  polysilicon  was  first 
investigated  optically.  The  wafers  were  then  annealed 
for  measurements.  No  contact  metallurgy  was  used. 

3.  Testing 

The  test  structures  were  tested  using  the  Prometrix 
Lithomap.  which  is  an  instrument  for  characterizing 
photolithographic  equipment  and  processes.  A  pattern 
of  electrical  test  structures  is  etched  into  a  conducting 
layer,,  such  as  a  doped  polysilicon  or  metal  layer.  This 
conducting  layer  is  isolated  from  the  substrate  with  an 
oxide  The  Lithomap  is  capable  of  measuring  line  widths 
down  to  0.2  pm  with  a  precision  of  0.002  pm.  It  is  also 
capable  of  a  measuring  registration  using  a  unique  test 
structure  The  latest  enhancement  to  the  Lithomap  is 
the  ability  to  measure  defects.  Electrical  .shorts  and 
opens  can  be  measured  using  an  interleaving  comb 
structure  and  a  serpentine  structure,  re.spectively.  The 
ability  to  measure  interlayer  shorts  and  opens  is  also 
one  of  Its  new  capabilities.  The  Lithomap  has  software 
to  analyze  the  data  to  determine  the  contribution  of  the 
various  components  of  the  photolithographic  equipment 

Fig.  3  shows  a  Lithomap  uniformity  map  for  a  chip 
with  good  uniformity.  The  average  sheet  resistance  is 
654  fl/D  with  a  standard  deviation  of  0.5%.  The  histo¬ 
gram  shows  a  tight  distribution  of  sheet-resistance  val¬ 
ues.  In  spite  of  the  good  uniformity  this  chip  clearly  has 
a  striping  problem.  Fig.  4  shows  good  uniformity  but 


with  a  very  interesting  striping  pattern  on  the  chip.  The 
average  value  is  658  f2/D  and  the  standard  deviation 
is  0.7%.  The  peak-to-valley  difference  in  the  stripes  is  20 
f2/D  or  about  3%. 

These  results  indicate  the  degree  of  Uiificulty  in 
activating  heavily  dosed  polysilicon.  These  wafers  had 
been  implanted  at  5  X  10'^  and  RTP-annealed. 


4.  Optical  tests 

Interesting  results  for  unannealed  polysilicon  were 
obtained  by  making  thin-film  measurements  on  the 
implanted  wafers.  The  map  of  fig.  5  is  of  the  polysilicon 
thickness  on  a  wafer  that  received  a  special  implant 
The  pattern  was  produced  by  holding  the  A'-scan  fixed 
and  then  holding  the  T-scan  fixed,  producing  a  cross 
pattern.  The  diameter  scan  shown  in  fig.  6  is  a  plot  of 
the  beam  diameter  achieved  by  doing  a  stripe  across  the 
polysilicon  wafer.  This  polysilicon  wafer  has  not  been 
annealed  nor  patterned.  We  can  see  the  fine  structure  of 
the  beam  in  this  thickness  measurement.  The  question  is 
what  are  we  actually  measuring?  Quadrant  implants 
shown  in  fig.  7  were  done  to  investigate  the  effect  of 
dose  on  this  phenomenon.  The  polysilicon  thickness 
tnvreases  with  dose.  This  is  due  to  the  assumptions 
made  in  the  measurement  The  system  assumes  that  the 
index  of  refraction  or  the  dispersion  curve  of  the  poly- 
silicon  has  not  changed.  The  polysilicon  surface  has 
changed  and  become  more  amorphous  due  to  the  im¬ 
plant.  What  we  are  looking  at  is  an  optical  thickness 
that  assumes  a  constant  or  unchanging  index  of  refrac¬ 
tion.  Since  rt  X  t  (index  X  'hickness)  is  measured  and  n 
IS  assumed  constant,  the  system  indicates  a  change  in 
thickness. 
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Fig  5  Cro.ss  section  of  beam  in  V-  and  V'-direction 


Another  set  of  samples,  provided  by  Michael  Cur¬ 
rent  of  Applied  Materials,  were  bare  silicon  wafers 
implanted  on  the  Applied  Materials  9000  with  various 


implant  conditions  to  deliberately  create  striping.  The 
variables  were  beam  spot  size,-  the  rate  at  which  the 
wheel  was  spinning  and  the  rate  at  which  the  wheel  was 
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Fig  6,  Diameter  scan  across  a  polysilicon  layer  that  had  been  implanted  using  only  the  A'-scan  of  an  electrostatic  scan  system  This 

shows  the  F-cross  .section  of  the  ion  beam 
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Fig  7  Quadrant  implants  of  polysilicon  layer  were  achieved  by  doing  two  half  wafer  implants  at  1  x  lO”  and  2x  lO”  lons/em^ 
Resultant  quadrant  doses  are  0,  1,  2  and  3x10’’  lons/cm*.  Maximum  increase  in  optically  measured  thickness  was  about  100  A 
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Fig.  8  Reflectivity  map  of  a  section  of  a  bare  silicon  wafer  that  .showed  microscopic  striping  Wafer  had  not  been  annealed 
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Fig,  9.  Calibration  curve  of  dose  vs  reflectivity  for  arsenic 
implants  evaluated  in  this  study. 


translated  across  the  beam  The  reflectivity  map  shown 
in  fig.  8  was  taken  on  a  wafer  showing  macroscopic 
striping.  Monitors  were  used  to  generate  the  calibration 
curve  of  fig.  9.  The  diameter  scan  of  dose  in  fig.  10  was 
made  with  ^25  points  and  a  test  diameter  of  6  24  mm 
This  results  in  a  step  size  of  10  pm.  The  spot  size  of  the 
FT500  was  4  pm  (50  x  objective).  The  re.sults  for  these 
measurements  are  very  repeatable.  These  results  on  the 
FT5(X3  both  for  the  unannealed  polysilicon  and  for  the 
unannealed  silicon  are  very  interesting.  Obviously  many 
things  can  change  the  reflectivity  of  a  sample,  but  in 
this  case,  where  we  are  looking  at  variations  across  the 
wafer,,  it  is  easy  to  generate  a  calibration  curve  of 
reflectivity  versus  dose  (as  in  fig  9), 


5,  Follow-on 

The  results  for  implanting  the  undoped  polysilicon 
were  disappointing  because  of  the  difficulty  of  activat¬ 
ing  polysilicon  implants.  Several  steps  will  be  taken  to 
further  this  work.  One  is  to  start  with  doped  polysilicon 
and  implant  it  with  a  dose  of  1  x  X  10'“’  and  use 

the  damage  as  an  indication  of  the  implant  dose.  This 
would  be  similar  to  be  double-implant  technique  [7]. 
The  implant  damage  will  increase  the  sheet  resistance  in 
proportion  to  the  dose.  This  technique  will  require  a 
calibration  curve. 

The  second  approach  is  to  measure  the  thickness  of 
the  individual  unannealed  van  der  Pauw  structures  with 
the  FTSOOO,  then  anneal  the  wafers  and  look  for  very 
small  changes  in  sheet  resistance  by  probing  the  van  der 
Pauw  structures.  Finally  the  FT500  will  be  used  to 
measure  the  reflectivity  at  one  of  the  interference  pat¬ 
tern  peaks.  This  will  lend  more  understanding  to  the 
possibilities  of  using  test  structures  for  electrical  testing 
of  microuniformity.  If  feasible.-  the  size  of  the  structure 
here  could  certainly  be  reduced.  The  size  used  here  was 
determined  simply  because  it  was  available  as  a  part  of 
the  Lithomap  mask  library. 

The  earlier  C-K  work  will  be  repeated  using  '’f 
MOS  structure  where  the  metal  dots  are  replaced  by 
polysilicon  dots.  The  testing  technique  would  be  to  use 
the  ratio  to  monitor  the  average  channel 

doping.  Also  the  area  under  the  C-V  curve  will  be 
integrated  to  obtain  the  partial  dose  (8], 
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Fig  10  Dose  diameter  .scan  that  was  measured  on  one  of  the  wafers  with  the  best  i.-nplant  condition  The  diameter  .scan  was  6  24  mm. 

with  a  total  of  625  measures  giving  a  step  size  of  10  pm. 


Ill  THROUGHPUT  &  YIELD 


172 


IV.A  Keenan  el  al  /  A  micro-uniformlv  test  structure 


Acknowledgements 

The  authors  want  to  thank  those  who  contributed  to 
this  work,  in  particular  Andy  Cosio,  who  did  an  excel¬ 
lent  job  of  exposing  the  van  der  Pauw  chip  on  the 
Nikon  Stepper,  and  Jack  Jackson  of  IlCO  Corp.  of 
Santa  Clara.  CA. 


References 

[1]  K  McGuire.  Nucl  Instr  and  Meth.  B21  (1987)  431 

[2]  N.  Turner,  Nucl.  Inslr,  and  Meth  189  (1981)  311 

13]  H.  Glaveschnig,  K  Hoerschelmaun,  W.  Hohschmidt  and 
W  Wenzig,  Nucl  Instr  and  Meth  189  (1981)  291. 


|4]  D.S.  Perloff.  F.E.  Wahl  and  J  T.  Kerr,.  Proc  7th  Int.  Conf 
on  Electron  and  Ion  Beam  Science  and  Technology, 
Washington.  DC  (1976)  p.  320 

[5]  L.J  van  der  Pauw,  Philips  Res  Rep  13  (1958)  1 

(6)  B.  Raicu,  M  I.  Current.  W  A  Keenan.  D.  Mordo  and  R. 
Bernnan,  High  Conduction  Polysilicon  for  Interconnects 
and  Defect  Free  Shallow  Junction  Diffusion  Sources  by 
High  Dose  Boron  Implantation  and  Rapid  Thermal  An¬ 
nealing.  presented  at  this  conference  (8th  Int.  Conf  on  Ion 
Implantation  Technology.  Guildford.  UK..  1990) 

[7j  A.K  A.  Smith.  W  H  Johnson.  W  A  Keenan,  M.  Rigik  and 
R  Kleppinger.  m:  Ion  Implant  Technology,  eds  M  I  Cur¬ 
rent.  N.W  Cheung,  W.  Weisenberger  and  B  Kirby 
(North-Holland,  1987)  p.  529 

(8)  R  O  Deming  and  W  A.  Keenan.  Nucl  Instr  and  Meth  B6 
(1985)  349. 


1 


Nuclear  Instruments  and  Methods  in  Physics  Research  B55  (1991)  173-177 
North-Holland 


173 


Monitoring  the  micro-uniformity  performance  of  a  spinning 
disk  implanter 

Michael  I.  Current  Tim  Guitner  Naotsugu  Ohno*’  ’,  Kurt  Hurley  W.A.  Keenan 
Walt  Johnson  R.J.  Hillard  ®  and  C.  Jeynes  ^ 

"  Applied  Materials,  Santa  Clara,  CA  95054,  USA 
Applied  Materials  Japan,  Narna,  Japan 
'  Therma-Wave  Inc.,  Fremont,  CA  47320,  USA 
''  Prometnx  Cnrp ,  Santa  Clara,  CA  95054,  USA 
'  Solid  State  Measurements,  Pittshurgli,  PA  15275,,  USA 

'  Elcctronii  and  Electrical  Enpneenng,  Uniiiersilv  of  Surrev,  Guildford,  Surrey  GU2  5XH,  UK 


Methods  for  monitoring  fluctuations  in  dose  uniformity  on  spatial  scales  on  the  order  of  1  cm  or  less  are  investigated  for  the  case 
of  a  spinning  disk  ion  implanter  Various  optical,  electrical  and  physical  methods  including  Tlierina-Wave  signals,  optical  reflectance, 
sheet  resistance,  spreading  resistance  and  Rutherford  backscattenng  are  used  Comparison  is  made  to  a  number  of  estimates  of  dose 
uniformity  as  a  function  of  beam  size  and  the  scanned  distance  between  succe.ssive  passes  through  the  ion  beam. 


t..  Introduction 

Providing  uniform  distribution  of  total  ion  do.se  over 
the  surface  of  a  wafer  is  one  of  the  first  tasks  in  the 
design  of  an  ion  implantation  system  (1).  Measurements 
ot  dose  uniformity,  particularly  in  the  form  of  contour 
maps  derived  from  a  spatial  array  of  measurements, 
have  become  routine  techniques  for  monitoring  the  per¬ 
formance  of  ion  implantation  systems  [2,3],  The  goal  is 
to  ensure  that  variations  in  dose  level  over  the  wafer  are 
less  than  the  tolerable  process  limits  and  within  the 
specified  performance  of  the  implantation  tool.  The 
number  of  measurements  taken  to  get  a  mea.sure  of  the 
dose  uniformity  and  to  calculate  a  dose  contour  map  is 
limited  by  time  allowed  for  the  probing  and  the  spatial 
resolution  of  the  probe  technique.  Densities  of  probe 
locations  of  *  1  site/cm^  are  sufficient  to  reveal  large- 
scale  dose  variations  in  a  wide  variety  of  situations  13]. 

As  IC  chip  dimensions  grow  to  1-4  cm  on  a  side, 
control  of  fvnctuations  in  dose  on  spatial  scales  which 
are  smaller  than  the  chip  dimensions  becomes  increa.s- 
ingly  important.  Whereas  large-scale.  “ma,'o-uniform- 
ity"  variations  can  result  in  wide  distributions  of  IC 
performance  characteristics  between  various  chips, 
small-scale,  “micro-unifoimity"  variations  can  result  in 
totally  nonfunctional  ICs.  An  example  of  a  potential 
micro-uniformity  effect  is  the  loss  of  signal  synchroniza¬ 
tion  resulting  from  inter-chip  transistor  .speed  varia¬ 
tions.  The  impact  of  poor  micro-uniformity  is  accen- 

'  Now  at  Kawa.saki  Steel  Corp .  Hagagun,  Japan 


tuated  if  the  pattern  of  dose  variations  is  aligned  with 
the  chip  layout. 

Karly  studies  of  dose  uniformity  on  the  scale  of  the 
beam  spot  size  (=1  cm)  were  directed  at  the  .v-r 
scanning  systems  [4-6).  The  methods  used  for  evalua- 
,ion  of  fine-scale  dose  variations  were  measurements 
f''om  patterned  arrays  of  CV  dots  or  resistors.  This 
work  will  investigate  the  eftects  of  beam  siz.e  and  scan¬ 
ning  speeds  on  the  dose  uniformity  for  a  spinning  disk, 
“R-theta”,.  .scanning  .system  [7,8]  and  vill  use  a  variety 
of  optical,  electrical  and  physical  measurement  tools 
and  mapping  techniques, 

/.  /.  Oose  equation 

In  an  R-theta  .scanning  system,  such  as  the  PI9200 
[8],  the  ion  beam  dose  is  distributed  over  a  ring  of 
wafers  located  at  an  average  distance  from  the 
center  of  a  rapidly  .spinning  wheel.  The  wheel  axis  is 
mounted  on  a  .scan  arm  which  allows  for  translation  of 
the  wheel  along  an  approximately  radial  direction.  For 
a  rotation  speed  of  1250  rpm  and  R,)  of  61.8  cm,  the 
rotational  speed  at  the  edge  of  a  ring  of  125  mm  wafers 
IS  89.1  m/s.  Since  the  rotational  speed  is  >  10^  faster 
llidii  the  tidiisidtioiial  speed  of  the  wheel  center, 
the  do.se  distribution  is  determined  by  the  translational 
.scanning  process. 

The  fraction  of  time  a  small  segment  of  circumferen¬ 
tial  width,  dC,  of  an  annulus  of  width  9R  at  distance  R 
is  in  the  icn  beam  is  9C/(2it/?)  [7].  The  time  the  beam 
traverses  the  width  of  an  annular  ring  of  width  9R  is 
<)R/Ktan-  The  net  time,  t,  a  small  .segment  of  the  wafer 
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surface  at  radial  distance  R  and  area  SC  dR  is  in  the 
ion  beam  during  a  single  translational  scan  is  (9/?/ 
Kean  1(9 it/?)  The  implanted  dose,  during  a 

single  translational  scan  through  a  current  I  comprised 
of  ions  of  charge  state  q  is; 


Substituting  for  the  time  in  the  beam,  t,  one  gets; 

.  /  1 _ 

</  (2^/(Kean) 


(2) 


By  controlling  to  compensate  for  the  variation  in 
rotational  speed  with  radial  position,  according  to 

K.n-U,R„/R,  (3) 


where  t/„  is  the  translational  speed  when  the  beam  is 
traversing  the  center  of  the  wafer  at  a  radial  position  of 


A  /  1 


(4) 


Since  in  the  usual  nomenclature,  a  “scan”  is  two 
“pa.sscs”  in  front  of  the  ion  beam,  the  total  dose  for  /V 
scans  IS. 


t/J' 

In  order  to  maintain  a  constant  dose  for  these  studies, 
both  /  and  N  were  varied  to  compensate  as  we  investi-- 
gated  the  effects  of  the  choice  of  Up  on  micro-uniforni- 
ity 


2.  Experimental  conditions 

Most  of  the  implants  which  were  used  in  this  study 
were  done  with  80  keV  As"*  at  a  nominal  dose  of  10'“' 
ions/cm^  This  choice  of  implant  conditions  was  made 
to  allow  for  the  overlap  of  the  performance  range  of 
number  of  tools.  This  aose  was  high  enough  to  provide 
good  electrical  characterization  and  was  in  the  range  of 
strong  optical  effects  from  the  onset  of  amorphization 
Arsenic  was  chosen  as  the  implant  species  to  allow  for 
ease  of  RBS  analysis.  The  implantation  system  used  was 
a  Precison  Implant  9000  [8]  operated  with  wheel  rota¬ 
tion  speeds  of  640  and  1250  rpm  and  average  lateral 
scan  speeds  between  1  7  and  10.2  cm/s.  The  total 
number  of  scans  (passes  back  and  forth  into  the  beam) 
was  varied  from  2  up  to  30  for  various  beam  currents 
and  .scan  speeds.  The  beam  was  focused  down  to  FWHM 
dimensions  as  small  as  2-6  mm  in  order  to  produce 
clea.dy  resolved  uniformity  variations  The  beam  size 
was  monitored  by  a  5-cup  profiler  which  scanned  a 
10  X  10  cm  area  in  the  plane  of  the  wafer  (8).  The 
wafers  were  125  mm  diam,  p-Si(lOO)  with  a  nominal 
resistivity  of  10  fiem.  The  wafers  were  mounted  on  the 


wheel  with  a  7°  tilt  and  a  45°  twist  orientation  to 
suppress  measurement  complications  resulting  from 
channeling  effects  [9).  Dose  calibration  implants  were 
also  done  at  3  x  10'-’  and  3  x  10''*  ions/cm^.  The  elec¬ 
trical  measurements  were  made  after  an  anneal  for  10  s 
at  950  °  C  in  an  AG  Associates  rapid  thermal  processor. 


3.  Monitoring  methods 

In  addition  to  the  obvious  requirements  for  spatial 
resolution,  the  choice  of  techniques  for  micro-uniform- 
icy  measurements  also  rests  on  the  need  for  good  stabil¬ 
ity,  precision  and  sensitivity  to  slight  dose  variations  [3], 
Ideal  methods  should  also  require  minimal  time  per  site 
measurement,  straightforward  data  analysis  for  dose 
calculations,  and  ease  of  interpretation  of  the  data. 

J  /  Opttcal  methods 

The  principal  optical  technique  in  this  work  was 
dose  map  measurements  with  a  Therma-Wave  laser 
probe  which  uses  a  combination  of  a  modulated  Ar 
laser  beam  and  a  CW  He-Ne  laser  probe  beam  [10]. 
Typical  laser  beam  spot  diameters  are  2-4  jcm. 
Therma-Wave  probes  have  demonstrated  the  ability  to 
resolve  device  features  of  less  than  1  (cm  width  [11]  At 
doses  above  the  onset  of  amorphization,  the  modulated 
reflected  signal  of  the  probe  beam,  or  TW  signal,  de¬ 
viates  from  a  monotomc  increase  with  dose  and  be¬ 
comes  a  modulated  value  with  an  increasing  trend.  The 
reflectivity  of  the  laser  beams  also  varies  in  a  periodic 
fashion  as  the  thickne.ss  of  the  amorphous  layer  in¬ 
creases.  The  thickness  of  the  amorphous  layer  measured 
by  the  reflectivties  is  fitted  to  a  (ln[dose])'^^  calibration 
curve  and  combined  with  the  TW  signal.  The  dose 
repeatability  of  this  method  is  estimated  at  1%. 

The  variation  in  optical  reflectance  was  measured  on 
several  wafers  with  a  Prometrix  FT-500  film  thickness 
monitor  which  had  a  probe  spot  of  =  2  (im  [12]  The 
FT-500  measures  the  reflectivity  of  light  from  a  W 
filament  source  in  the  wavelength  range  of  600-700  nm 

3.2  Electrical  methods 

Sheet  resistance  measurements  have  been  the  main¬ 
stay  of  uniformity  mapping  since  the  development  of 
low-noise  four-point  probe  measurements  using  config¬ 
uration  switching  techniques  [2,13].  Measurements  with 
four-point  probe  arrays  have  demonstrated  the  ability 
to  re'-olve  dose  variations  with  a  width  of  1  mm  on  a 
linear  pattern  with  a  pitch  of  5  mm  [13] 

Annealed  wafers  were  probed  with  in-line  four-point 
arrays  with  tip  spacings  of  1.04.  0  635  and  0.20  mm  and 
a  .square  array  with  spacing  of  0.1  mm  Maps  with  up  to 
625  probe  sites  were  obtained  with  circular  probe  pat- 
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terns  on  the  Prometrix  Omnimap  RS50/e  and  with  a 
25  X  25  rectangular  array  on  a  Solid  State  Measure¬ 
ments  prober.  Line  scans  along  the  major  stripe  pat¬ 
terns  were  made  with  four-point  and  two-point  probes. 

3.3.  Physical  measurements 

Rutherford  backscattering  measurements  were  made 
on  as-implanted  wafers  with  a  scan  overlap  pitch  of  =  5 
cm.  The  spatial  resolution  of  the  2  MeV  He  RBS  beam 
was  a  1  mm. 


4.  Maps  and  line  scans 

Strong  patterns,  generated  by  implants  with  highly 
focused  ion  beams  and  fast  translational  scan  speeds 
were  easily  seen  in  the  Therma-Wave  maps  (fig.  1).  The 
orientation  of  the  pattern  follows  the  45°  twist  of  the 
wafers  so  that  the  leading  edge  of  the  wafer  into  the  ion 
beam  was  the  lower  left  side.  Line  scans  across  the  dose 
variation  stripes  (fig.  2)  clearly  indicated  the  lack  of 
sufficient  overlap  of  the  beam  during  these  implants 
Therma-Wave  line  scans  were  able  to  clearly  resolve 
apparent  dose  variations  of  less  than  0.4%  even  though 
the  variation  pattern  is  not  seen  in  the  whole-wafer  map 
(figs.  3  and  4). 

Certain  sheet  resistance  maps  showed  strong  moire- 
hke  interference  patterns  (fig.  5).  The  strong  dose  varia¬ 
tion  patterns  were  resolved  by  increasing  the  probe  site 
density  to  361  and  625  sites  in  a  circle  of  1  cm  test 
radius  and  reducing  the  probe  tip  spacing  to  0  2  mm 


Fig.  1  Therma-Wave  full  wafer  map  for  an  implant  with  a 
pitch  between  pa.sses  of  4.9  mm  with  a  beam  FWHM  of  1 1 
mm.  Apparent  dose  variation  is  17.3%. 


DISTANCE  IMM) 

Fig.  2.  Therma-Wave  line  scan  along  a  2  cm  segment  across  the 
pattern  in  fig  1.  Apparent  dose  variation  is  17  4% 


(fig.  6).  Characteristic  stipping  patterns  were  measurea- 
ble  by  line  scans  with  four-point  probe  measurements 
for  scan  overlap  pitches  as  small  as  1.6  mm 

The  apparent  values  of  the  dose  variations  as  meas¬ 
ured  by  2  cm  line  scans  along  the  dose  variation  ripples 
arc  compared  in  table  1.  For  the  large-scale  ripples, 
which  were  easily  observed  by  all  of  the  measurement 
techniques  -  including  direct  visual  inspection  of  the 
wafers,  the  apparent  dose  variation  for  the  same  im¬ 
plant  pattern  ranged  from  5.4  to  35%.  The  optical 
reflectivity  gave  a  particularly  high  value  of  the  dose 
variation.  Electrical  and  Therma-Wave  probes  gave  ob- 


Fig  3  Therma-Wave  full  wafer  map  for  an  implant  with  a 
pilch  between  passes  of  0.8  mm  with  a  beam  FWHM  of  6  mm 
Apparent  do.se  variation  is  0  78%. 
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DISTANCE;  (MMI 

Fig.  4  Therma-Wave  line  scan  along  a  2  cm  segment  across  the 
pattern  in  fig,  3  Apparent  dose  variation  is  0  38*? 


served  variations  between  5  4  and  8.8^.  The  RBS  mea- 
siirement  was  20%  for  maximum  and  minimum  do.se 
levels  (peak  to  valley). 


Fig.  5  Full  wafer  sheet  resistance  map  with  625  sites  of  an 
implant  with  a  pitch  between  passes  of  4  9  mm  and  a  beam 
FWHM  of  6  mm  Strong  moire  interference  is  seen  in  the 
contours  between  the  implant  stnpes  and  circular  probe  pat-- 
tern  The  probe  tip  spacing  was  1  mm 


Table  1 

Comparison  of  apparent  dose  variations  (10'“'  As/cm’,,  0.6  cm  FWHM  ion  beam,  2  cm  line  scans,  RMS  values) 


Technique 

1 .7  cm/s  scan  speed, 
pitch/FWHM  =  0  14, 

7  scans 

10  2  cm/s  scan  speed. 
pitch/FWHM  =  0  82. 

12  scans 

Therma-Wave 

9  8xl0‘’ions/cm^±0  89% 

7  8X10'-’  ions/cm=  ± 8  76% 

Optical  reflectance 

10x10“'  ions/cm^±4  5% 

1  07  X  lO'^  ions/cm^  ±  35% 

Rutherford  backscattermg 

10''*As/cm^±20% 

Spreading  resistance 

668  Q  ±  1  2%, 

666  £2  +  5.9%, 

0.1  mm  probe  spacing 

Sheet  resistance 

do.se  variation  =  1  8% 

dose  variation  =8  8% 

1  mm  probe  spacing 

603.8  n/a±o.09%. 

602  £2/D±2.66%, 

do.ve  variation  =  013% 

dose  variation  =  3  9% 

0  6  mm  probe  spacing 

609  fi/D  +  O  13%. 

612  £2/D±3  6%. 

dose  variation  =  0.19% 

dose  variation  =  5  4% 

0.1  mm  probe  spacing 

558  ,3  n/D±0  2%.. 

526.4  £2/n±4.5%. 

dose  variation  =  0  38% 

dose  variation  =  6.75% 

12.76 


■.11.27 


Fig.  6  A  three-dimensional  map  of  sheet  resistance  values  in  a  22  mm  circular  segment  of  the  wafer  shown  in  fig.  5.  1  he  map  was 
constructed  from  625  test  sites  with  a  probe  tip  spacing  of  0  2  mm.  The  apparent  dose  variation  was  6  4%. 
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Scan  Pitch/  Beam  Width  (FWHM) 

Fig  7  Companson  of  apparent  dose  variations  with  vanous 
dose  uniformity  models. 


For  the  implants  with  relatively  high  degrees  of 
overlap,  the  apparent  dose  vanation  ranged  from  0.2  to 
4 15%,.  with  the  optical  reflectivity  again  giving  a  sub¬ 
stantially  higher  value  than  other  techniques. 

5.  Scan  overlap  models 

Eiarly  analytical  models  were  based  on  the  assump¬ 
tion  of  either  a  Gaussian  or  "exponential”  beam  profile 
(4-6).  A  recent  approach  used  a  convolution  of  actual 
beam  profiles  and  scanning  conditions  [1].  According  to 
the  observations  of  this  work  (fig.  7),  the  assumption  of 
a  Gaussian  beam  shape  is  a  particularly  optimistic  one 
for  ratios  of  the  pattern  pitch  to  beam  size  (FWHM)  of 
less  than  1.  The  exponential  beam  shape  is  a  reasonable 
fit  to  the  data  in  the  range  of  pitch  to  FWHM  ratios  in 
this  work  [5].  The  projection  of  the  exponential  model 
and  the  general  trends  of  our  data  into  the  range  of 
“production-worthy”  conditions,  pitch/FWHM  less 
than  0.1  and  dose  uniformity  variations  less  than  1%,: 
seems  to  agee  well  with  the  Liebert  model. 

6.  Summary 

The  delineation  of  fine-scale  dose  variations  is  within 
the  resolution  capability  of  a  number  of  commercially 
available  optical  and  electrical  probes.  The  interplay 
between  the  beam  pitch  between  successive  rotations  of 
the  wheel  and  the  beam  profile  size  and  shape  is  the 
dominant  effect  in  determining  the  micro-uniformity. 


Increasing  the  number  of  scans  produced  only  a  very 
gradual  improvement  in  micro-uniformity  values.  To 
obtain  micro-uniformity  values  approaching  0.1%,  the 
scan  overlap  pitch  should  be  =10  times  smaller  than 
the  beam  width  The  large  spread  in  apparent  dose 
vanation  values  for  the  different  measurement  tech¬ 
niques  clearly  shows  that  additional  work  is  need  to 
establish  reliable  process  control  procedures  for  micro¬ 
uniformity. 
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Daily  2  X  10^^  monitoring  of  an  ion  implanter 

S.  Cherekdjian  and  W.  Weisenberger 

ton  Implant  Seri'ices.  1050  Kifer  Rd.  Sunnyrale,  CA,  USA 


Low-dose  monitoring  has  always  been  a  problem  The  monitors  dnft  with  time  either  within  minutes  of  an  implant  or  within  days 
or  months  Resistivity  excursions  in  excess  of  50%  are  not  uncommon.  This  paper  presents  data  to  understand  some  of  the  factors 
affecting  the  reliability  and  repeatability  of  low-dose,  2x10'^  ions  cm  "  sheet  resistivity  measurements  Four-point  probe  electronic 
dnft,  the  optimum  probe  tip  size  and  finish,  background  silicon  substrate  doping,  surface  oxide  growth,  and  silicon  surface  chemistry 
are  investigated  The  correct  specifications  of  the  wafers,  wafer  processing  and  the  four-point  probe  tips  enable  reproducible 
measurement  of  low-dose  boron  implants. 


1..  Introduction 

A  widely  used  technique  for  the  measurement  of 
lon-implanted  layers  in  the  semiconductor  industry  is 
the  four-point  probe  method  [1,2].  It  is  commonly  used 
in  the  dose  range  of  10'“'- 10'*’  ions  cm'-  where  the 
measurements  can  be  very  accurate  [2],  When  monitor¬ 
ing  a  dose  of  2x10"'  tons  cm'’  the  direct  probe 
technique  becomes  susceptible  to  the  ambient  tempera¬ 
ture,.  the  background  doping  vanation.s,  changes  in  the 
probe  geometry,  and  "surface  effects”.  The  measured 
sheet  resistance  is,  therefore,  a  convolution  of  the  above 
with  the  implant  resistance.  The  term  “surface  effects” 
IS  an  evasive  variable  which  has  been  associated  with 
dangling  bonds  [3],  surface  states  [3],  trapper  ^.des  [4], 
or  hydrogen  injection  [5-7].  In  this  paper  it  refers  to 
changes  in  surface  conduction. 

The  key  to  ’•eliable  and  reproducible  low-dose  direct 
probe  resistivity  data  is  to  maintain  the  measurement 
variables  as  constant  as  possible.  This  paper  demon¬ 
strates  how  this  may  be  achieved.  We  explore  and 
optimize  the  three  mam  variables,  the  probing 
equipment,  the  silicon  material,,  and  the  “surface  ef¬ 
fects”. 


2.  The  probing  equipment 

The  two  mam  factors  to  consider  are  the  inherent 
:lectronic  noise  of  the  equipment  and  the  mechanical 
probe  contact  variations.  Tl.e  first  can  be  characterized 
by  the  daily  use  of  standard  resistor  packs  that  replace 
the  four-point  probe  head.  The  trend  of  this  data  allows 
the  measurement  resolution  of  the  system  to  be  de¬ 
termined.  In  our  case,  a  7.4  kQ/D  reading  had  elec¬ 
tronic  noise  excursions  of  about  30  2/0.  The  second 
factor  requires  the  investigation  of  the  performance  of 


various  probe  tip  radii  with  different'  lapped  surface 
finishes.  Probe  tips  of  1  6.  4,  8  and  20  mil  radius  were 
examined.  The  head  that  gave  the  best  probe  statistics 
and  most  reproducible  data  was  an  8  mil  with  a  2  |xm 
finish. 

Probe  tip  roughness  ranged  from  0.25  to  2.0  )im 
finishes.  No  difference  was  observed  until  the  tips  were 
finished  with  just  a  chemical  etch.  Etch-only  probe 
heads  initially  gave  good  results  but  tended  to  become 
unstable  after  probe  “conditioning”.  This  “condition-- 
mg  increases  the  roughness  of  the  probe  surface,  and 
each  protrusion  stresses  the  native  oxide  to  achieve 
penetration  to  the  conducting  layer.  It  has  been  shown 
that  “conditioning”  with  a  ceramic  plate  results  in  a 
constant  contact  probe  footprint  regardless  of  the  initial 
topography  [8].  In  extreme  cases,  the  probe  tip  changes 
shape.  Under  the  microscope  an  old  4  mil  head,  which 
performed  like  an  8  mil  head,  visually  resembled  a  flat  8 
mil  head. 

There  seems  to  be  a  trade-off  between  tip  radius  and 
surface  roughness  in  obtaining  the  optimum  electrical 
contact. 

Finally,,  both  of  these  variables  must  be  monitored 
on  a  daily  basis.  An  outline  is  given  below  for  a  proce¬ 
dure  for  the  qualification  of  a  four-point  probe  system. 

(1)  Check  the  system  electronics  with  the  use  of  stand¬ 
ard  resistor  packs. 

(2)  Perform  a  probe  tip  qualification.  “Condition”  the 
tip  as  required. 

(3)  Probe  trend  wafers  of  typical  implants  of  interest. 
Wafer  results  must  be  within  expected  limits  or 
expected  change  rate  (for  low-dose  wafers). 

(4)  Probe  bulk  NIST  (previously  NBS)  traceable  resis¬ 
tivity  standards.  This  can  be  a  monthly  check  or  as 
required. 

When  the  .system  passes  items  1-4,  test  wafers  may 
be  probed.  Under  emergencies,  a  test  wafer  may  be  read 
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fiULK  SHttT  RHO  (NO  lUPLANT)(Ohma/9q) 

Fig  I  Bulk  sheet  resistance  (no  implant)  readings  versus  measured  final  resistan.e  after  implanting  with  "b*,.2x10''  ions  cm 

90  kV. 


first  but  test  3  must  be  earned  out  immediately  to 
ensure  the  validity  of  the  pass  or  fail  result  from  the  test 
wafer. 

3.  The  silicon  material 

This  characterization  is  shown  m  fig  1.  All  the 
wafers  were  bare  silicon  n-iype  {100)  material  of  vari¬ 


ous  background  doping  levels  from  1-10  S2cm.  The 
implant  was  "B’".  2  x  10’-  ions  cm“^  at  90  kV.  All  the 
wafers  were  premeasured  on  a  four-point  probe  Prome- 
trix  11  IB,  implanted  on  a  Nova  6200  medium  current 
ton  implanter,  rapid  thermally  annealed  (RTA)  in  an 
AG610  heat  pulse  at  llOO^C  for  10  s.  and  then  re¬ 
probed. 

Fig  1  shows  the  relationship  between  the  measured 
resistance  after  implantation  and  the  initial  background 


Fig.  2.  Boron-implanted  daily  trends  Implant:  2  x  lO'  ions  cm  90kV. 
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DATE  (UONTH.OAY)  1989 

□  ISOkV  t  B(ll),  90kV 

Fig  3  Boron  and  phosphorus  daily  trends  before  and  after  etching  in  HF  Dose  2  x  lO’*  ions  cm"^ 


reading.  It  is  observed  that  a  20^  variation  in  the  bulk 
sheet  resistance  corresponds  to  a  change  in  the  mea¬ 
sured  implant  reading  of  .iround  100  !I2/D.  We  con¬ 
clude  that  the  incoming  wafer  resistivities  should  be  at 
least  10-12  il  cm.  A  higher  value  of  bulk  resistivity  of 
around  100  to  1 20  cm  is  desirable,  but  obtaining  test 
or  prime  n-type  wafers  of  this  resistivity  is  currently 
very  difficult. 

4.  “Surface  effects” 

Fig.  2  displays  the  daily  trend  data  for  four  individ¬ 
ual  2  X  10'*  boron-implanted  wafers.  The  sheet  resis¬ 
tance  increases  for  all  four  wafers  in  a  similar  manner. 
The  wafer  readings  nse  regardless  of  probe  interval. 
This  dismisses  probe-induced  damage  as  a  likely  cause. 

If  we  consider  the  movements  m  the  boron  trends  to 
be  attributed  to  “surface  effects”,  the  measured  sheet 
resistance  can  be  interpreted  as  a  reduction  in  a  surface 
hole  concentration  [4],  If  these  surface  holes  are  present 
0.0  all  silicon  surfaces,  regardless  of  the  wafer  type,  a 
p-type  (IOC)  silicon  wafer  implanted  with  phosphorus 
should  experience  a  decrease  in  sheet  resistance.  The 
phosphorus  and  boron-implanted  trends  in  fig.  3  agree 
with  this  model.  The  surface  of  silicon  has  been  re¬ 
ported  as  space  charged  depleted  owing  to  surface  states 
[4].  We  can  then  as.sume  that  the  surface  states  (svhich 
can  be  of  the  same  order  of  magnitude  as  these  implants 
[9])  are  changing  after  the  rapid  thermal  anneal. 

These  trend  wafers,  in  fig.  3,  were  etched  in  HF.,This 
drastically  mooifted  the  sheet  resistance  in  the  direction 
indicated  by  the  slow  moving  trends,  rising  49%  for 
boron  and  falling  21%  for  the  phosphorus-implanted 


wafer.  X-ray  photoelectron  spectro.scopy  (XPS)  data  of 
Grundner  and  Jacobs  [10]  reported  changes  in  surface 
i^hemistry  and  indicated  that  a  surface  oxide  would 
continue  to  grow  for  at  least  4  weeks  after  silicon  wafers 
had  been  etched  in  HF.  The  differences  in  surface 


30  I - \ - 1 - ^ - 1 - 1 

10^2  2  5  loU  2  5  iqW 


ION  DOSE  (ATore-CM’^), 

Fig.  4  Variation  of  the  change  in  sheet  resistance  with  ion  dose 
and  energy  for  boron  and  phosphorus-implanted  silicon  wafers. 
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DATE 

a  610  RTA  -t-  610  RTA  +  HE 

rij>.  5.  Nova  6200  trend  wafers  before  and  after  etching  in  HF  Implant-  "b*.  2x  lO'^  ions  cm“^.  90  kV 


chetntslry  [10]  for  hydi  j/nilic  and  hydrophobic  silicon 
IS  probably  the  main  contributor  to  the  change  in 
surface  conduction,  which  drastically  changes  the  mea¬ 
sured  sheet  resistancf . 

The  boron  trend  '■.>su!ts  seem  more  stable  after  etch¬ 
ing  while  the  phosphorus  slowly  creeps  up.  We  can 
speculate  that  this  may  be  due  to  the  interaction  of  the 
shallower  phosphorus  implant  and  the  slowly  growing 
surface  oxide  [10],  This  fall  and  rise  effect  was  observed 
in  p-type  wafers  with  bulk  resistivities  of  less  than  10  $2 


cm.  Sheet  resistances  increased  when  p-type  wafers 
greater  than  20  fi  cm  were  etched  in  HF.  The  level  of 
the  boron  dopant  concentration  (of  the  bulk)  in  p-type 
wafers  is.  therefore,  a  determining  factor  (or  these 
changes  in  resistance. 

Fig.  4  displays  the  percentage  sheet  resistance  change 
after  HF  etching  of  premeasured  implanted  wafers  as  a 
function  of  the  ion  dose  and  the  implant  energy.  Di¬ 
minishing  effects  are  observed  as  the  dose  and  the 
energy  are  increased.  reduction  in  energy  also  im- 


OATE 

Fig.  6.  Nova  6200,  "B’*,  2x  lO'^  ions  cm'^  90  kV  daily  qualification  wafers. 
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paired  the  ability  of  the  probe  tip  to  make  good  surface 
contact.  We  conclude  that  it  is  important  to  choose  an 
ion  energy  that  isolates  the  implanted  layer  from  the 
interaction  of  the  surface. 

Fig.  5  displays  the  reproducibility  of  HF-treated 
bare  wafers.  The  wafers  were  implanted,  annealed, 
probed,  etched  in  HF  and  reprobed.  The  post  etch 
readings  indicated  larger  variations  in  sheet  resistance, 
even  though  the  HF  etch  produced  a  more  stable  surface 
(fig.  3).  Semiconductor  grade  HF  is  one  of  the  chemical 
reagents  commonly  used  for  cleaning  and  etching  sili-- 
con,  unfortunately  it  is  not  very  clean.  Juleff  et  al.  [11] 
have  identified  32  dissolved  trace  impurities,  10  of 
which  are  transition  metals.  Also  a  surface  that  emerges 
from  an  HF  etch  is  very  reactive  and  picks  up  con¬ 
taminates  and  particulates  [12,13].  This  significantly 
enhances  the  rate  of  impurity  absorption,  particularly 
carbon.  It  can  be  concluded  that  the  surface  is  a  major 
contributor  to  inconsistent  measurements. 


5.  Daily  2  X  10'^  monitoring 

Based  on  the  previous  considerations  from  section  1, 
2,  and  3,  bare  n-type  (100)  wafers  10-12  Q  cm  were 
used  to  daily  monitor  a  "b^,  2  X  10'^,,  90  kV  implant 
on  a  Nova  6200  The  daily  monitor  results  are  presented 
in  fig.  6  over  a  period  of  6  months. 

Typical  maps  are  displayed  in  fig.  6,  and  it  can  be 
observed  that  no  large  changes  in  sheet  resistance  were 
noticed  from  channelling  effects.  Traditionally  bare 
wafer  results  tend  to  be  plagued  by  this  [14].  In  the 
2  X  10'^  ions  cm'^  or  lower  dose  regime,  the  mobility 
of  the  carriers  starts  to  saturate  [2]  and  the  sheet  resis¬ 
tance  is.  therefore,  insensitive  to  energy. 

Bulk  and  electronic  noise  levels  were  estimated  in 
the  previous  sections  as  100  and  30  S2/D,  respectively. 
The  three  sigma  values  of  the  data  seems  to  line  within 
400  Q/a.  The  channeling  variations  lie  within  270 
(4(X)-130)  S2/D.  Oxide  wafers  will  produce  a  tighter 
distribution  only  if  the  HF  etch  pnor  to  measurement 
can  be  eliminated  or  controlled. 


6.  Conclusion 

Careful  maintenance  and  the  use  of  an  8  mil  head  on 
a  four-point  probe  Prometrix  lllB  has  enabled  the 


successful  and  reproducible  probing  of  2  X  10*^  boron 
implanted  silicon  wafers.  Bare  silicon  wafers  should  be 
used  with  as  little  background  resistivity  variation  as 
possible. 

The  measured  sheet  resistance  is  described  by  two 
components,  the  surface  conduction  and  the  junction 
depth.  At  present,  leaving  the  surface  alone  minimizes 
any  surface  effects.  If  the  surface  is  treated  in  any  way. 
care  must  be  taken  to  ensure  that  the  resultant  effect  on 
the  surface  conduction  is  constant. 

Large  changes  in  sheet  resistance  were  observed  after 
HF  etching  and  one  may  conclude  that  surface  chem¬ 
istry  must  play  an  important  part  in  changing  the 
surface  conduction.  Unstable  etched  wafer  results  are 
attributed  to  contaminates  before  and  after  the  HF 
etching  process. 
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The  application  of  spectroscopic  ellipsometry  (SE)  to  obtain  accurate  depth  profiles  of  lon-implanted  silicon  substrates  is 
discussed,  Details  on  the  interpretation  of  SE  spectra  are  given,  explaining  why  such  a  complex  analysis  is  possible.  The  power  of  SE 
to  nondestructively  obtain  depth  profiles  of  ion  implantation  damage  is  illustrated  for  hydrogen-implanted  silicon  and  on  low-dose 
implanted  SIMOX  (Separation  by  IMplanted  OXygen)  material.  The  obtained  SE  results  are  verified  by  cross-sectional  transmission 
electron  microscopy  and  by  other  analytical  techniques. 


I.  Introduction 

Spectroscopic  ellipsometry  has  known  a  real  break-- 
through  during  the  last  few  years  since  a  high-quality 
commercial  instrument  has  become  available  [1).  Al¬ 
though  the  theoretical  pnnciples  of  SE  were  developed 
more  than  two  decades  ago,  it  is  only  with  the  availabil¬ 
ity  of  cheaper  computer  hardware  that  the  technique 
could  be  developed  to  its  present  mature  status.  The 
recorded  spectra  are  based  on  the  measurement  of  the 
change  of  polarization  of  a  circularly  polarised  incident 
light  beam  by  interaction  with  the  structure  under  in¬ 
vestigation.  The  measurement  can  be  performed  at  a 
number  of  different  wavelengths  largely  exceeding  the 
number  of  unknown  parameters,  even  for  complex  mul¬ 
tilayer  structures  A  detailed  regression  analysis  is  then 
possible,  assuming  a  physically  realistic  model  for  the 
multilayer  structure.  As  the  technique  is  based  on  the 
measurement  of  the  change  of  polarization  of  the  inci-- 
dent  light  by  the  interaction  with  the  specimen,  it  has 
the  advantage  of  being  independent  of  intensity  fluctua¬ 
tions  of  the  light  source. 

In  the  present  paper  a  novel  powerful  application  of 
SE  is  presented.  It  is  shown  that  by  using  an  optimised 
regression  algorithm  and  an  optimised  structure  of  ref¬ 
erence  files  for  refractive  indices,  accurate  depth  pro¬ 
files  of  structures  witn  varying  refractive  index  can  be 
obtained. 

The  multilayer  optical  spectrometer  scanner  (MOSS) 
of  SOPRA  IS  used  with  improved  interp.'-etation  soft¬ 
ware  All  SE  spectra  are  recorded  at  an  incident 
angle  of  75°,  close  to  the  Brewster  angle  of  the  SiO^/Si 
system  which  gives  the  highest  .sensitivity.  The  wave¬ 
length  window  used  in  this  work  ranges  from  300  to  850 

Will  be  implemented  in  future  SOPRA  software 


nm  and  a  standard  measurement  is  performed  at  111 
equidistant  wavelengths.  The  results  are  compared  with 
those  obtained  by  other  techniques  such  as  X-ray  dif¬ 
fraction  (XRD)  to  measure  the  strain  distribution,  sec¬ 
ondary  ion  mass  spectroscopy  (SIMS)  for  the  de¬ 
termination  of  the  chemical  depth  profiles  and  cross- 
sectional  transmission  electron  microscopy  (TEM)  to 
obtain  information  on  layer  thicknesses,  different  phases 
and  the  crystal  quality  of  the  implanted  layers 

2.  Interpretation  of  SR  spectra  of  multilayer  structures 

The  simulation  of  SE  spectra  of  multilayer  systems  is 
based  on  the  calculation  of  the  optical  thicknesses  of 
the  different  layers  as  a  function  of  the  wavelength.  This 
requires  a  knowledge  of  the  complex  refractive  index  for 
each  layer  at  each  wavelength.  The  refractive  indices  of 
all  components  in  the  multilayer  structure  must  be 
available  as  a  library  in  the  interpretation  software.  A 
sophisticated  regression  program  then  allows  the  best  fit 
to  be  calculated  between  the  simulated  and  the  recorded 
SE  spectra.  During  the  regression,  the  incident  angle, 
the  thickness  and  the  composition  of  the  various  layers 
can  be  varied. 

2. 1.  Cubic  splines  for  storage  and  interpolation  of  refrac¬ 
tive  index  files 

In  this  work  cubic  splines  are  used  to  store  the 
reference  data.  In  this  way  an  optimum  intcipulatioii 
can  be  obtained,  as  the  available  data  are  stored  as  a 
continuum  [2],  The  goal  is  to  obtain  an  optirrased 
approximation  n^{\)  for  the  refractive  index  n  as  a 
function  of  the  wavelength:, 

/i(X)  ®  «,(X) 
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When  using  cubic  splines  B,,  the  problem  reduces  to; 

-  the  choice  of  knots,  and 

-  the  determination  ot  the  coefficients  p, 

m 

1 

C,-ix,n  are  the  spline  coefficients,  determined  by  the 
fit  critenon 


<j 

E 

y-i 


1-1 


=  minimum. 


The  number  of  knots  is  increased  until  this  minimum  is 
smaller  than  S;,,  the  accuracy  which  one  wants  to  ob¬ 
tain.  In  those  cases  for  which  the  error  on  the  data 
points  is  known  it  should  be  taken  into  account  in  the 
choice  of  S^. 

The  cubic  spline  fit  program  used  in  this  work  is  a 
reduced  version  of  the  FORTRAN  source  for  cubic 
splines  with  constraints  taken  from  ref.  [3]. 


2.2.  Calculation  of  indices  of  refraction  of  mixed  layers 

In  the  much  referenced  work  of  Bruggeman  on  effec¬ 
tive  medium  approximation  (EMA)  models  for  mixed 
layers,  expressions  were  derived  for  the  dielectric  con¬ 
stant  of  mixed  layers  for  different  types  of  physical 
mixtures,  e.g.  lamellae,  parallel  of  perpendicular  to  the 
incident  beam,  spherical  inclusions  or  homogeneous 
mixtures  of  spheres,  etc.  [4]. 

The  EMA  which  is  most  commonly  used  and  re¬ 
ferred  to  as  the  Bruggemtin  model  supposes  a  homoge¬ 
neous  mixture  of  spheres  cT  the  two  components.  In  the 
present  work  three  EMAs  are  used:  the  Bruggeman 
model,  a  model  for  spherical  inclusions,  and  a  model  for 
lammellar  inclusions  [4].  For  these  three  cases  the  di¬ 
electric  function  f  is  respectively  determined  by 

f  =  0.25[c-t-(C+8<,tj)‘’’j 

with  C=  (3c  -  1)(<,  -  <2)  +  (1) 


<=  (1 -c)<, -f-ctj,  (3) 

where  c  is  the  concentration  of  component  2  and  c,, 
are  the  diclectnc  constants  of  components  1  and  2, 
respectively.  As  the  dielectric  constants  t,,.  €2  and  thus 
also  c  are  complex  numbers,  special  care  has  to  be 
taken  to  obtain  the  correct  complex  refraction  index 
n  =  ft  from  all  mathematically  possible  .solutions,  espe¬ 
cially  for  expressions  (1)  and  (2)  [5], 

2.3.  Regression  analysis 


stability  by  limiting  all  parameters  to  physically 
meaningful  values.  Briefly,  the  Levenberg-Marquardt 
type  of  approach  can  be  described  as  follows:  Assume 
that  we  have  a  set  of  measured  values  The  goal  of 
ihe  regression  routine  is  to  minimise  the  error  function 
G.  given  by  the  sum  of  the  squares 

c=  E[/;(^)-r]' 

I- 1 

with  Jc  =  (x,,X2 . x^y  and  p^n. 

ffix)  are  the  values  of  the  nonlinear  functions  /’"(x) 
calculated  at  the  measuring  points,  based  on  a  model 
with  vanable  parameters  x.  The  superscripts  c  and  m 
stand  for  the  calculated  and  for  the  measured  values, 
respectively. 

The  iterations  of  the  regression  program  are  then 
given  by 

-I-  fi*,. 

with  8  the  solution  of  the  set  of  linear  equations 
{A  +  XI)5=  -i' 

and  A  =  J^J,  v  =  JV*  s'"®  calculated  at  x‘.  The 
Jacobian  {mXn)  matrix  J  is  defined  as 


and  \  is  the  parameter  which  is  used  to  control  the  size 
of  the  Iteration  steps.  During  the  calculation  of  A 
and  V  are  constant  so  that  6  is  a  function  of  \.  X  =  0 
and  X  “  00  are  the  two  extreme  values  and  correspond 
to  the  Gauss-Newton  and  the  steepest  descent  method, 
respectively.  The  steepest  descent  methods  are  very 
stable  but  have  the  drawback  of  being  slowly  conver¬ 
gent.  The  Gauss-Newton  methods  are  more  daring  and 
converge  faster,,  if  al  all.  They,  however,  have  the 
drawback  of  being  much  less  stable.  The  Levenberg- 
Marqu.ardt-based  methods  try  to  find  a  better  choice  of 
X,  taking  into  account  the  evolution  of  the  regression. 
In  most  cases  a  starting  value  of  X  is  chosen  which  is 
either  kept  constant,  or  multiplied  with,  or  divided  by  a 
fixed  value  v  between  1  and  10  for  each  iteration.  A 
more  sophisticated  approach  allows  an  optimum  value 
of  V  (but  still  between  1  and  10)  to  be  calculated  at  each 
iteration  step,  thus  also  optimising  X  during  the  regres¬ 
sion  [7], 

The  accuracy  of  the  final  fit  is  expressed  by  the 
unbiased  estimator  a  of  the  mean  square  deviation: 


The  error  function  for  the  SE  spectra  can  be  written  as 

G=  E  [(/),<=-/),"')  + (Wf- If', "’)"],  (5) 

1-1 


The  regression  analysis  is  based  on  the  Levenberg- 
Marquardt  algorithm  [6]  and  is  optimised  for  the  highest 


where  p  is  the  number  of  parameters,  e.g.  film  thick¬ 
nesses,  incident  angle  or  film  composition,  which  is 
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varied  during  the  regression  and  n  is  the  number  of 
different  wavelengths  at  which  a  measurement  is  per¬ 
formed. 

To  avoid  tan  i//  having  an  exaggerated  influence  in 
the  fitting  criterion,  so  making  it  insensitive  to  varia¬ 
tions  in  5,  two  fit  criteria  are  used; 

-  weighting  of  tan  (and  cos  5),  limiting  the  variation 
of  both  parameters  to  ( - 1,,  1],  i.e. 


2  cos  tan  ij/';'”' 
tan^  + 1 


=  cos  S'  "’  sin  lifi';-"' 


and 


tanV^'"-  1 
tanV^"”  +  1 


=  cos 


(6) 


-  for  small  tan  \p  an  unweighted  fit  criterion  is  used 
with 


O, =  cos  5,'  "'  and  =  cos  2 (7) 

The  uncorrelated  95%  confidence  limits  and  the 
cross-correlation  matrix  between  the  parameters  of  the 
regression  are  also  obtained  assuming  a  Gaussian  error 
distribution  of  the  parameters. 


the  limited  amount  of  information  contained  in  the 
spectra.  During  the  regression  analysis  (still  at  a  con¬ 
stant  angle)  the  thicknesses  of  the  two  top  layers  (silicon 
dioxide  and  silicon)  are  allowed  to  vary,  while  for  the 
other,  mixed  layers,  only  the  concentration  of  the  sec¬ 
ond  component  is  allowed  to  float.  Some  readjustment 
of  the  individual  layer  thicknesses  within  the  damaged 
layer  may  be  necessary,  afterwards,  to  obtain  an  opti¬ 
mum  profile  when  the  concentration  in  the  outer  layers 
is  reduced  to  zero.  When,  after  a  number  of  iterations 
the  best  structural  model  and  therefore  also  the  best  fit, 
IS  obtained,  the  incident  angle  is  also  allowed  to  float. 
Its  variation  gives  an  indication  of  the  quality  of  the 
proposed  physical  model.  When  the  model  is  very  good, 
the  angle  will  remain  nearly  constant.  In  other  cases,  the 
regression  program  will  try  to  obtain  the  best  fit  by 
changing  the  incident  angle  by  more  than  the  (mechani¬ 
cal)  accuracy  to  which  it  is  known  (about  0.1° ).  In  some 
cases  a  further  improvement  in  the  fit  and  the  profile 
can  be  obtained  by  using  within  the  damage  layer 
variable  layer  thicknesses  whereby  thinner  layers  are 
used  in  areas  where  the  refractive  indices  are  rapidly 
changing  and  thicker  ones  in  areas  with  small  con¬ 
centration  gradients. 


3.  Depth  profile  determination 

The  determination  of  depth  profiles  of  layers  with 
variable  refractive  indices  is  an  iterative  process.  Some 
preliminaiy  information  is  required  with  respect  to  the 
location  of  the  layer  with  variable  refractive  index.  For 
ion  implantation  damage  a  knowledge  of  the  implanta¬ 
tion  energy  and  dose  and  of  the  implanted  species 
allows  us  to  estimate  the  depth  of  the  damage  peak 
below  the  surface.  This  is  illustrated  by  considenng  the 
case  of  a  damage  profile  in  silicon.  This  procedure  is, 
however,  generally  applicable  for  all  layers  which  have 
varying  optical  properties  with  depth. 

A  simple  three-layer  model  is  used,  assuming  that 
the  structure  consists  of  an  undamaged  silicon  substrate 
overlain  by  a  damaged  layer,,  which  can  be  modeled  as  a 
mixture  of  single-crystal  and  amorphous  silicon  or  voids. 
On  top  of  this  damaged  layer  one  assumes,  again,  an 
undamaged  silicon  layer  which  is  in  turn  covered  by  a 
thin  native  or  capping  silicon  dioxide  film.  Keeping  the 
incident  angle  constant  during  the  regression  analysis 
will  then  yield  an  approximate  thickness  of  the  damaged 
layer  and  of  the  top  silicon  layer.  The  next  step  is  to 
replace  this  three  layer  model  by  a  more  complex  one. 
Below  the  undamaged  silicon  overlayer,  the  damaged 
layer  is  subdivided  into  a  number  of  thin  mixed  layers 
of  equal  thickness,  which  have  the  same  total  thickness 
as  the  damaged  layer  in  three-layer  model.  In  most 
cases  the  number  of  layers  cannot  be  larger  than  ten. 
due  to  the  limited  number  of  measured  wavelengths  and 


4.  Two  case  studies 

4.1.  Damage  profiles  in  as-implanled  implanted  silicon 

As  a  first  example,  results  obtained  from  hydrogen- 
implonted  silicon  substrates  are  presented.  (001)  silicon 
wafers  are  implanted  with  fluences  of  4  X  10’*  and 
2x10'*’  cm“’  at  energies  of  15.5  and  75  keV..  The 
damage  profiles  are  obtained  with  a  12-layer  model 
assuming  a  native  oxide,  an  undamaged  top  silicon 
layer  and  ten  mixed  layers  of  crystalline  silicon  and 
voids  of  fixed  thickness  but  varying  composition.  The 
results  are  shown  in  fig.  la.  The  profiles  obtained  with 
SE  correspond  very  well  with  those  obtained  indepen¬ 
dently  with  XRD  (strain  profile)  and  SIMS  (chemical 
profile)  represented  in  fig.  lb.  To  represent  the  con¬ 
centration  of  voids  it  IS  assumed  that  it  is  directly 
proportional  to  the  strain  measured  by  XRD  so  that  the 
same  logarithmic  scale  can  be  used.  The  depth  informa¬ 
tion  obtained  with  SE  is  very  accurate  and  corresponds 
well  with  the  results  from  cross-sectional  TEM  investi¬ 
gation  [9]. 

SE  is  thus  sensitive  for  low  damage  levels  It  must  be 
pointed  out,  however,  that  the  obtained  quantitative 
data  for  the  void  concentration  depend  critically  on  the 
accuracy  of  the  value  of  the  incident  angle  of  the  light 
beam.  Many  local  minima  can  occur  during  the  regres¬ 
sion  especially  in  the  case  of  the  low-dose  implants. 
Knowledge  of  the  approximate  location  of  the  maxi¬ 
mum  damage  (from  the  measurement  of  the  high-dose 
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Fig  1  (a)  Damage  profiles  derived  from  the  SF.  spectra  of 
hydrogen-implanted  wafers  (b)  Strain  and  the  hydrogen  pro¬ 
files  obtained  with  XRD  and  SIMS  (dotted  line),  respeciivelv 
(81 


implants)  is  essential  in  such  case.s  in  order  to  obtain 
realistic  numbers 


4..  Cortiposii  tonal  profiluig  of  SIM  OX  materials 

As  a  .second  example,  compositional  profiling  in 
low-dose  implanted  SIMOX  is  illustrated.  Buned  SiOt 
layers  can  be  formed  by  high-dose  ( >  10"*cm  oxyge  i 
ion  implantation  at  energies  ranging  typically  from  150 
to  200  keV.,  Lower  doses  do  not  yield  a  continuous 
buried  oxide  layer,  is  illustrated  in  the  TEM  micro¬ 
graph  in  fig.  2a.  The  as-implanted  material  shows  a 
buned  damaged  layer  in  which  the  optical  properties 
can  again  be  modeled  by  a  mixture  of  a-Si  and  Si,  or  by 
a  mixture  of  S1O2  and  damaged  Si. 

After  an  anneal  for  16  h  at  1050  °C,- a  mixed  buried 
layer  consisting  of  S1O2  precipitates  in  a  silicon  matrix 
IS  observed,  shown  in  fig.  2a.  SE  allows  us  to  determine 
the  composition  profile  of  the  buried  mixed  layer  for 
three  different  EMAs  shown  in  fig.  2b.,  Calculation  of 
the  integrated  Si02  profile  in  the  annealed  wafer  also 
allows  us  to  calculate  the  implanted  oxygen  dose.  The 
doses  obtained  based  on  eqs.  (l)-(3)  correspond 
surprisingly  well  with  the  nominal  dose  of  0.5  X  10'" 
cm"^.  More  information  on  the  application  of  SE  to 
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Fig.  2  (a)  Cross-sectional  TEM  micrograph  of  a  low-dose 
implanted  (0  5  x  lO'*  cm '  200  keV)  SIMOX  structure  after  a 

16  h  anneal  at  1050°C  [courtesy  of  A  De  Veirman).  (b)  SiOj 
concentration  profiles  obtained  with  SE  using  three  different 
EMA  models.  The  oxygen  implantation  doses  calculated  based 
on  the  integrated  S1O2  concentration  profile  are  also  indicated 


characterise  both  as-mplanted  and  annealed  SIMOX 
materials  can  be  found  in  ref  [10]. 


5.  Conclusion 

The  power  of  .spectroscopic  ellipsometry,  which  is  a 
genuinely  nondestructive  technique,  to  monitor  not  only 
damage  but  also  composition  profiles  in  silicon,  is  dem¬ 
onstrated  and  verified  by  comparison  with  other  ana¬ 
lytical  techniques.  It  is  shown  ihat  SE  and  TEM  have  a 
similar  thickness  accuracy  for  the  ob.servation  of  these 
profiles  but  that  SE  also  allows  these  profiles  to  be 
quantified.  The  examples  illustrate  that  in  many  re- 
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spects  SE  can  be  considered  as  a  nondestructive,  cheap 
“poor  man’s”  optical  “Rutherford  backscattering  spec¬ 
trometer”  and  even  as  a  one-dimensional  optical  high- 
resolution  microscope. 
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Process  control  issues  for  ion  implantation  using  large  tilt  angles 

Robert  B.  Simonton,  Dennis  E.  Kamenitsa  and  Andy  M.  Ray 

Eaton  Corp ,  Semiconductor  Equipment  Division,  2433  Rutland  Drive,  Austin,  TX  78758,  USA 


Using  large  tilt  angles  (7®-60°)  and  wafer  rotational  repositioning  during  ion  implanlition  results  in  several  effects  which  can 
compromise  process  control.  These  effects  include:  (1)  till-relaled  nonuniformjty,  (2)  effective  dose  reduction  from  decreased  ion  flux 
de.isity,  (3)  effective  ion  energy  decrease,  (4)  effective  dose  reduction  from  dopant  loss  by  surface  scattering,  and  (5)  effective  surface 
film  thickness  increase  In  this  paper  we  characterize  these  effects  and  explain  their  physical  basis. 


1.,  Introduction 

Ion  implantations  performed  using  large  tilt  angles 
and  wafer  rotational  (azimuthal)  repositioning  can  pro¬ 
vide  simplified  processing  which  forms  submtcron  tran¬ 
sistors  that  avoid  undesirable  device  scaling  effects  [1). 
This  technique  also  allows  fabrication  of  three-dimen¬ 
sional  structures  which  avoid  the  packing  density  limita¬ 
tions  of  traditional  planar  semiconductor  proce.ssing  [2J. 

However,  the  use  of  this  new  implantation  technique 
requires  understanding  and  control  of  several  effects 
which  impact  process  results  significantly;,  these  effects 
typically  increase  in  magnitude  with  increasing  tilt  an¬ 
gles.  This  paper  investigates  these  effects  for  tilt  angles 
up  to  60°.  Throughout  this  paper,  the  tilt  angle  (0)  will 
be  defined  as  the  angle  between  a  vector  perpendicular 
to  the  implanted  surface  and  the  vector  of  the  incident 
ion  beam  at  the  center  of  the  target  wafer. 

All  the  process  results  in  this  investigation  were 
obtained  by  implanting  boron  and  phosphorus  into  150 
mm,  prime,  silicon  (100)  w'afers  using  an  Eaton  NV- 
6200AV  [3],  a  modern,  electrostatically  scanned  medium 
current  ion  implanter  which  allows  implantation  at  any 
combination  of  tilt  angles  0° -60°  and  twist  (azimuthal) 
angles  0°-360°.  This  implanter  also  allows  in  situ 
wafer  rotational  repositioning,  using  either  discrete  steps 
or  continuous  rotation,  in  highly  flexible  user-selectable 
modes. 

The  implanted  wafers  were  charactenzed  with  sheet 
resistance  measurements  using  a  Prometrix  RS-50e; 
post-implant  processing  was  a  furnace  anneal  (10(X)°C, 
30  min,  100%  Nj),  followed  by  BOE/DI  water  surface 
preparation.  SIMS  profiles  were  also  obtained  from  the 
center  of  the  wafer  for  selected  samples. 


Fig  1.  Cross-wafer  sheet  resistance  uniformity  (%,  o)  on  150 
mm  wafers  for  lilt  angles  (S)  7° -60°,  with  and  without 
NV-6200AV  uniformity  correction  factors.  All  implants  are 
’’p*,  5x10'''  cm'*,,  160  keV,  single-position  implants  used 
25  °  twist  and  screen  oxide  (400  A  for  9  <  45  °,.  2(K)  A  for 
ea45°) 


in  cross-wafer  dose  nonuniformily.  This  nonuniformity 
is  caused  by  the  changing  angle  between  the  center  c.t 
scan  plates  and  the  target  surface  from  one  edge  of  the 
wafer  to  the  other;  it  is  approximately  proportional  to 
tan  0,,  where  0  is  the  tilt  angle  [4],  This  effect  is  easily 
compensated  by  modifying  the  scan  voltage  waveforms; 
this  compensation  has  been  available  on  Eaton  medium 
current  implanters  for  .some  time  as  “uniformity  correc¬ 
tion  factors”  [5).  The  NV-6200AV  employs  the  same 
technique  to  eliminate  this  nonuniformity  for  tilt  angles 
in  the  entire  range  0°-60°,-  as  seen  in  fig.  1. 


3.  Effective  dose  reduction 


2.  Tilt  (geometric)  nonuniformity 

It  is  well  known  that  tilting  the  target  wafer  dunng 
implantation  when  u.sing  electrostatic  .scanning  results 


It  has  been  recognized  for  some  time  that  tilting  the 
wafer  relative  to  the  incident  ion  beam  (ir  any  scan 
system  design)  will  result  in  reduced  dose  due  to  the 
decreased  flux  density  of  the  ion  beam  on  the  target 
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surface.  This  effect  is  proportional  to  cos  d\  the  effec¬ 
tive  dose  ==  D  cos  where  D  is  the  dose  on  a 
surface  perpendicular  to  the  incident  beam  [6).  This 
effect  IS  easily  compensated  by  designing  the  implanter 
to  make  appropriate  adjustment  to  the  area  factor  used 
to  control  the  dose  of  the  implant.  This  technique  is 
employed  in  the  NV-6200.'iV,  eliminating  this  effect  at 
ail  tilt  angles. 


4.  Effective  energy  decrease 

This  effect  has  also  been  recognized  for  some  time;, 
its  cause  is  easily  visualized  by  considering  the  projec¬ 
tion  of  the  incident  ion  energy  (£)  vector  for  a  tilted 
implant  onto  a  vector  perpendicular  to  the  wafer’s 
surface.  This  analysis  reveals  that  the  incident  ion  en¬ 
ergy  E  is  reduced  by  the  factor  cos  8,  resulting  in  an 
effective  energy  E'  =  E  cos  8  (6). 

The  process  variation  from  this  effer*  is  demon¬ 
strated  in  fig.  2;  this  figure  contains  average  sheet 
resistance  data  for  two  sets  of  wafers.  One  set  was 
implanted  using  constant  100  keV  ion  energy  at  increas¬ 
ing  tilt  angles  7° -60°,  and  the  other  set  was  implanted 
with  constant  7°  tilt  and  decreasing  ion  energies.  These 
ion  energies  were  selected  to  be  equal  to  the  effective 
energies  of  the  wafers  implanted  with  constant  100  keV 
ion  energy  and  increasing  tilt  angles.  As  seen  in  fip.  2, 
the  sheet  resistance  increases  with  both  decreasing  en¬ 
ergy  (using  constant  tilt)  and  with  increasing  tilt  angle 
(using  constant  energy). 

The  reason  for  this  is  apparent  by  examining  fig.  3, 
the  SIMS  profiles  from  the  center  of  wafers  from  both 
these  groups.  As  the  ion  energy  is  decreased  or  tilt  angle 
IS  increased,  the  profiles  are  shifted  to  shallower  regions 
and  their  peak  concentration  increa.ses.  These  profile 

TILT  angle  (DEGREES) 


Fig.  2  Average  sheet  resistance  dependence  upon  increasing 
tilt  angle  (at  constant  1(X)  keV  incident  energy)  and  with 
decreasing  ion  energy  (at  constant  7°  tilt  angle).  All  implants 
are  5xl0’*  cm"^,  with  native  oxide  and  continuous 
rotation. 


Fig  3.  (a)  SIMS  profiles  (as  implanted)  for  5  x  lo’'*  cm~^ 
implants  with  constant  7°  tilt  angle  and  decreasing  ion  energy, 
as  indicated,  (b)  SIMS  profiles  (as  implanted)  for  ^'P’’^..  5  X  lO'^ 
cm'^  implants  with  constant  100  keV  ion  energy  and  increas¬ 
ing  tilt  angles,  as  indicated 


changes  result  in  higher  sheet  resistance  because  more 
of  the  implanted  carrters  are  placed  in  regions  of  lower 
mobility,  and  the  implant  layer  thickness  is  decreased. 


5.  Dopant  loss 

It  IS  apparent  in  fig.  2  that  reducing  the  incident  ion 
energy  (at  constant  7°  tilt)  by  a  cos  9  factor  imitates 
the  sheet  resistance  shift  for  increased  tilt  angles  (with 
constant  energy)  reasonably  well  up  to  about  45°  tilt. 
Above  that,  a  significant  departure  in  sheet  resistance 
behavior  between  the  two  groups  appears. 

The  reasons  for  this  departure  are  made  apparent  by 
close  comparison  of  fig.  3a  and  3b.  In  fig.  3a,  as  the 
energy  is  reduced  (at  constant  tilt),  both  the  projected 
range  (/?p)  and  the  straggle  (A£p)  scale  with  ion  en¬ 
ergy,,  causing  the  peak  concentration  (A'p)  to  rapidly 
increase  with  reduced  energy.  However,  in  fig.  3b,  as  the 
tilt  angle  is  increased  (with  constant  ion  energy),  we  see 
that  the  profiles  at  and  above  45°  lilt  are  not  identical 
to  the  corresponding  profiles  in  fig.  3a,  which  have  the 
same  effective  energy.  This  behavior  has  been  previ¬ 
ously  reported  [6). 

The  difference  is  more  clearly  illustrated  in  fig.  4, 
which  contains  the  7°  tilt,  50  keV  SIMS  profile,  and 
the  60°,  100  keV  SIMS  profile  from  fig.  3a  and  3b, 
respectively.  The  experimentally  measured  parameters 
(by  SIMS)  of  these  two  profiles  with  equal  effective 
energy  are  also  provided  in  fig.  4.  From  this  figure  we 
can  see  that,  for  profiles  with  increasing  tilt  angles  (at 
constant  ion  energy),  the  range  is  decreasing  faster  than 
for  reduced  energy  (at  constant  tilt)  profiles,  and  the 
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Fig,  4.  SIMS  profiles  (as  implanted,  ’'p*  5x10'^  cm"^)  for 
two  implants  at  7  “  and  60  °  tilt  with  the  same  effective  energy 
(50  keV).  The  table  provides  measured  values  (by  SIMS)  of 
implant  range  {Rp),  straggle  (A/Jp),  peak  concentration  (/Vp), 
surface  concentration  ( N,)  and  implant  dose  (/))  for  these  two 
implants. 

straggle  is  significantly  greater  in  the  large  tilt  angle 
profile,  because  it  is  not  scaling  with  effective  energy. 
Consequently,  the  60  °  tilt  angle  implant  in  fig.  4  has  a 
low»r  peak  concentration  at  a  slightly  shallower  depth, 
a  deeper  junction  depth,  and  a  significantly  higher 
surface  concentration  than  the  corresponding  profile  at 
7°  tilt  with  equivalent  effective  energy  More  im¬ 
portant,  a  significant  amount  of  dopant  has  been  lost 
from  the  large  tilt  angle  profile  at  the  implant  surface: 


for  the  conditions  in  fig.  4,  the  60°  profile  has  lost 
about  9%  of  Its  dose  (as  measured  by  SIMS)  relative  to 
the  7  °  profile.  [The  total  phosphorus  dose  precision  for 
the  SIMS  measurements  in  this  study  was  experimen¬ 
tally  determined  to  be  ±0.7%,  la.]  The  smaller  pro¬ 
jected  range  and  dopant  loss  of  the  large  tilt  profile  will 
increase  the  sheet  resistance;  however,  this  is  partially 
offset  by  the  reduced  peak  concentration  and  slightly 
increased  junction  depth,  which  will  both  decrease  the 
sheet  resistance  by  increasing  the  mobility  and  thickness 
of  the  implanted  layer,  respectively.  As  a  result,  al¬ 
though  the  60  °  implant  has  ~  9%  lower  effective  dose, 
it  was  only  ,‘.5%  higher  in  sheet  resistance  than  the  7° 
tilt  profile  wi'h  equivalent  energy  in  fig  4. 

The  implications  of  the  behavior  illustrated  in  figs.  3 
and  4  is  that  compensation  of  sheet  resistance  increases 
from  effective  energy  reductions  by  adjusting  the  ion 
implant  energy  with  a  cos  d  factor  will  not  be  generally 
effective  for  tilt  angles  ^45°.  This  is  demonstrated  in 
fig.  5,  which  presents  sheet  resistance  variation  with  tilt 
angle  for  phosphorus  (fig.  5a)  and  boron  (fig.  5b)  im¬ 
plants,  in  which  we  have  adjusted  the  incident  ion 
energy  to  obtain  a  constant  effective  (100  keV)  energy. 
As  IS  apparent  in  this  figure,  the  sheet  resistance  is  well 
controlled  (to  about  ±0.5%)  up  to  about  45°  tilt,  above 
which  the  sheet  resistance  increases  for  both  species,  as 
expected.  Of  more  significance  is  that  the  increase  in 
sheet  resistance  is  different  for  phosphorus  (-1-3.1%  at 
60°,  relative  to  the  average  sheet  resistance  between  7° 


I 

4 


Fig.  5.  (a)  Average  sheet  resistance  dependence  upon  tilt  angle  {9}  using  a  constant  effective  energy  £'  =  £  cos  9  =  100  keV  for  ”  P^,, 
5xl0'^cm“^  implantation  using  bare  wafers  and  continuous  rotation,  (b)  The  same,  but  for  SxlO'^cm  implantation. 
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Fig  6  (a)  SIMS  profiles,  (as  implanted)  for  "p*,-  5x10''' 
cm  '  implants  (using  native  oxide  and  continuous  rotation) 
with  increasing  tilt  angle  (9)  and  constant  effective  energy 
£■'  =  £■  cos  fi  =  100  keV.  (b)  The  same,  but  for  "B"',,- 5x  lO''' 
cm'^  implantation 

and  45  ° )  than  for  boron  ( +  5.4%  at  60  ^ ).  This  demon¬ 
strates  that  attempts  to  “correct"  for  the  sheet  resis¬ 
tance  increases  above  45“  tilt  by  a  factor  embodied  in 
the  implanter  design  will  not  be  generally  correct,  be¬ 
cause  the  profile  variations  and  dopant  loss  will  be  a 
complex  function  of  species,  energy,  dose  and  implant 
surface  conditions  (amorphous  or  crystalline,  orienta-. 
tion,  thickness  and  type  of  surface  films). 

The  larger  increase  in  sheet  resistance  for  boron  than 
phosphorus  for  the  implants  in  fig.  5  is  explained  by 
considering  the  relative  profile  changes  for  these  two 
species  as  the  tilt  angle  is  increased  These  changes  are 
characterized  by  SIMS  in  fig  6  and  table  1.,  (The  total 
boron  dose  precision  for  the  SIMS  measurements  in  this 
study  was  experimentally  determined  to  be  ±2.7%,  la.J 
For  phosphorus  at  60°  relative  to  7°,.  the  relative  range 
(Rp)  reduction  is  significantly  le.ss  than  for  boron,  while 
Its  relative  straggle  (ARp)  increase  is  only  slightly 
smaller  than  for  boron,  which  results  in  a  large  relative 
junction  depth  increase  for  phosphorus  and  a  very  small 
increase  for  boron.  There  is  a  similar  relative  decrease 


in  peak  concentration  for  both  species;  however,  differ¬ 
ent  mobility  functions  for  electrons  and  holes  will  im¬ 
pact  the  resulting  sheet  resistance  shift  for  phosphorus 
and  boron.  Taken  together,  the  impact  of  these  profile 
variations  with  species  is  that  the  mobility  increase  and 
implant  layer  thickness  increase  is  greater  for  phos¬ 
phorus  and  the  dopant  loss  is  comparable  for  phos¬ 
phorus  (~  8.7%)  and  boron  (~  10.8%)  at  60°  tilt  rela¬ 
tive  to  7°  tilt.  This  results  in  the  smaller  sheet  resis¬ 
tance  increase  for  phosphorus  than  boron  observed  in 
fig.  5. 

The  dopant  loss  at  large  tilt  angles  is  due  to  a 
combination  of  Rutherford  scattering  at  the  sample 
surface  and  the  range  straggle  of  a  Gaussian  implant 
protile  placing  a  portion  of  the  profile  outside  the 
sample  surface.  Sputtering  effects  can  be  neglected  until 
doses  higher  than  1  X  10'*  cm~^  are  employed  [7],  The 
dopant  loss  at  large  tilt  angles  will  be  inrreased  by 
increasing  the  mass  or  reducing  the  energy  of  the  inci¬ 
dent  ions  [8],  Calculations  using  a  model  based  only  on 
Gaussian  implant  profile  straggle  will  tend  to  under¬ 
estimate  the  degree  of  dopant  lost,  whereas  a  model 
based  on  Rutherford  scattering  at  the  surface  will  yield 
more  accurate  results  [8],  This  is  particularly  true  for  tilt 
angles  >60°,  which  occur  for  implantation  into  the 
vertical  sidewall  of  trenches.  In  this  study,  calculations 
at  60°  tilt  using  only  the  Gaussian  model  [8]  under¬ 
estimated  the  measured  dopant  loss  by  a  factor  of  about 
50  for  boron  and  less  than  2  for  phosphorus. 


6.  Effective  film  thickness  increase 

As  the  tilt  angle  (S)  is  increased,  the  effective  thick¬ 
ness  of  surface  films  (e.g..-  screen  oxides)  will  be  in¬ 
creased.  proportional  to  (cos  ff)~\  This  is  visualized  by 
considering  the  path  length  of  an  incident  ion’s  trajec¬ 
tory  through  a  surface  film  of  thickness  t,  as  the  surface 
IS  increasingly  tilted  relative  to  the  incident  ion  trajec¬ 
tory;  the  path  length  increases  at  /(cos  )" '.  This  effect 


Table  1 

Measured  implant  profile  parameters'  range  ( Rp),  straggle  (A/? p).  peak  concentration  (Np)  and  dose  (ZJ).  for  implants  at  various  tilt 
angles  (9),  whose  ion  energy  (£)  was  adjusted  for  a  con.stant  effective  energy  E'  =  E cos  9  of  100  keV  (from  SIMS  profiles  in  fig  6) 


Implant 

species 

Implant 

dose 

[cm"’l 

9 

[deg] 

((im) 

(jiml 

[xlO'^crn’l 

D 

[xl0"cm“^) 
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0.128 
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4,0 
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5X10" 

45 

0.125 
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3.25 

4  81 

5X10" 

60 

0.124 

0.076 

2.55 

4.58 

ii0+ 

5x10'^ 

7 

0  334 

0  068 

2.66 

4  98 

"b  + 

5X10" 

45 

0.318 

0.088 

2.04 

4  75 

5xl0" 

60 

0  297 

0109 

1  65 
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Fig.  7  (a)  Average  sheet  resistance  dependence  upon  large  tilt  angles  from  the  presence  of  a  200-400  A  dry  thermal  oxide.  All 
implants  are  ^'P'^  5  x  10'^  cin’^,  160  keV  using  ten  continuous  rotations  (b)  Cross-wafer  sheet  resistance  nonuniformily  with  large 
tilt  angles  from  the  presence  of  200-400  A  dry  thermal  oxide;  the  sensitivity  to  400  A  film  uniformity  is  demonstrated.  Implants  as  in 

(a) 


results  in  incrcused  ion  scattenng  and  dose  hold-up  in 
surface  films  with  increased  tilt  angles.  Consequently, 
the  average  sheet  resistance  increase  and  cross-wafer 
nonumformity  from  hold-up  in  the  film  will  also  in¬ 
crease  with  larger  tilt  angles.  This  is  demonstrated  in 
fig.  7;  as  seen  in  fig.  7a,  the  sheet  resistance  of  a  160 
keV  phosphorus  implant  is  measurably  increased  at  tilt 
angles  >45°  (relative  to  bare  wafers)  by  increased 
implant  hold-up  in  an  oxide  film  as  thin  as  200-400  A, 
In  fig.  7b  the  increased  sensitivity  to  film  uniformity  at 
large  tilt  angles  is  demonstrated;  the  cross-wafer  sheet 
resistance  uniformity  of  the  160  keV  phosphorus  im¬ 
plant  at  45-60°  IS  clearly  degraded  by  the  nonunifor¬ 
mity  of  a  40C  ,A  film.  These  effects  increase  with  heavier 
species,  lower  energies  and  thicker  films;  they  can  be 
avoided  by  consideration  of  film  hold-up  during  process 
design,  as  discussed  in  ref.  [9]. 


Acknowledgement 

The  a'lthors  would  like  to  thank  Dr.  Charles  Magee 
of  Evans  East,  Inc.  for  the  quality  of  the  SIMS  analysis 
Which  supported  this  study.. 


References 

|1)  T  Hon,  IEEE  Electron  Device  Lett.  (1988)  300. 

[2]  Y  Akasakd.  Nurl  Instr.  and  Meth  B37/38  (1989)  9 

[3]  J.  Dykstra.  A  Ray  and  R.  Simonton,  these  Proceedings 
(8th  Int.  Conf.  an  Ion  Implantation  Technology,  Guildford. 
UK.  1990)  Nucl  Instr.  and  Meth.  B55  (1991)  478 

(4]  J.  Keller.  Radiat  Eff  44  (1979)  71. 

[5]  D  Zrudsky  and  D  Myron,  Nucl.  Instr.  and  Meth.  B26 
(1987)  614 

(6]  G.  Fuse,  H.  Umimoto,  S.  Odanaka,  M.  Wakabayashi,  M. 
Fukumoto  and  T.  Ohzone,  J  Electrochem.  Soc  133  (1986) 
996. 

(7]  K  Kato,  IEEE  Trans  Electron  Devices  35  (1988)  1820 

(8]  T.  Mizuno,  T.  Higuchi,  H.  Ishiuchi,  Y  Matsumoto,  Y. 
Saitoh,  S.  Sawada  and  S.  Shinozaki,  IEEE  Trans  Electron 
Devices  35  (1988)  2323. 

[9]  D.  Zrudsky  and  R.  Simonton,  Nucl.  Instr  and  Meth 
B37/38  (1989)  361 


Nuclear  Instruments  and  Methods  in  Physics  Research  B55  (1991)  193-197 
North-Holland 


193 


Annealing  behaviors  of  residual  defects  in  high-dose  -implanted 
(001)  Si  under  different  implantation  conditions 
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The  annealing  behavior  of  residual  defects  in  high-dose  BF2'*'-implanted  (OOl)Si  under  different  implantation  conditions  has  been 
studied  by  cross-sectional  transmission  electron  microscopy  and  four-point  probe  sheet  resistance  measurements.  Three  kinds  of 
samples  were  prepared  with  different  implanters.  M,  MC  and  H  samples  were  implanted  with  80  keV,  4xlO'Vcm^  BF^^  in  a 
medium-current  implanter  without  deliberate  end-station  coohng,  a  medium-current  implanter  with  a  freon-cooled  end  station,  and  a 
high-current  implant-.r  with  a  water-cooled  end  station,  respectively.  The  BF2^  ion  dissociation  effects  were  revealed  by  the 
comparison  of  M  or  MC  and  H  samples.  Rod-like  and  equi-axial  dislocation  loops  beneath  the  original  a/c  interface  were  observed 
in  the  M  and  MC  samples.  The  dopant  activation  of  the  annealed  samples  was  found  to  correlate  welt  with  microstructural  changes. 


1.  Introduction 

BFj*  implantation  has  become  an  important  doping 
technique  in  the  fabrication  of  p  -n  junctions  in  micro¬ 
electronic  devices.  In  order  to  reduce  the  cost  and  to 
increase  the  throughput  of  IC  fabrication,  the  medium- 
current  implanter  (with  a  beam  current  in  the  range  of 
tens  to  hundreds  of  microamperes)  has  been  replaced  by 
the  higli-current  implanter  (with  a  beam  current  of  a 
few  milliamperes  for  high-dose  implantation).  Owing  to 
the  differences  in  configuration  of  different  models  of 
implanters,  the  implantation  conditions  are  varied. 
Changes  in  the  implantation  conditions,  such  as  end- 
station  cooling,  molecular  ton  dissociation  and  con¬ 
tamination  in  the  vacuum  chamber  can  all  influence  the 
results  of  ion  implantation.  The  channeling  of  boron 
during  BFj*'  implantation  and  the  presence  of  a  sec¬ 
ondary  boron  peak  as  seen  from  SIMS  depth  profiling 
have  been  attributed  to  the  dissociation  of  BFj*^  ions 
after  the  mass  analysis  [1-4].  The  dissociation  of  BFj* 
ions  during  implantation  results  in  the  deep  implanta¬ 
tion  of  B'^  ions  and  makes  the  junction  depth  uncon¬ 
trollable.  Comparing  the  dissociation  efficiency  of  BFj^ 
ions  from  a  medium-current  implanter  and  a  high-cur¬ 
rent  implanter  showed  that  a  high  efficiency  of  BFj*^  ion 
dissociation  occurred  in  the  medium-current  implanter 
[5].  The  effect  of  the  dissociation  of  BF^'*^  ions  on  the 
residual  defects  is  therefore  of  much  importance.  In  this 
work  we  study  the  annealing  behaviors  of  residual  de¬ 
fects  and  dopant  activation  in  samples  implanted  by 

'  Present  address:  AT  &  T  Bell  Laboratones,  600  Mountain 
Avenue,  Murray  Hill,  NJ  07974,  USA. 


medium-  and  high-current  implanters.  The  residual  de¬ 
fects  and  dopant  activation  were  studied  by  the  cross- 
sectional  transmission  electron  microscopy  and  four- 
pomt  probe  sheet  resistance  measurements. 


2.  Experimental  procedures 

Single-crystal,  3-5  Bern,  phosphorus-doped  (001  )Si 
wafers  were  used  in  the  present  study.  Samples  were 
implanted  with  80  keV  BFj^  ions  at  a  fluence  of  4  X 
lO'^/cm^.  Three  kinds  of  samples  were  prepared  using 
different  implanters.  Samples  designated  M  were  im¬ 
planted  by  a  medium-current  implanter  at  room  tem¬ 
perature  with  the  beam  current  maintained  at  less  than 
20  nA  to  minimize  heating  effects.  To  determine  the 
effect  of  substrate  cooling  during  ion  implantation, 
samples  labeled  MC  were  prepared  by  a  /arian/  Extnon 
200-20A2  medium-current  implanter  with  a  freon-cooled 
end  station.  Finally,  in  order  to  determine  the  effects  of 
high  beam  current  and  dissociation  of  BFj^  ions  during 
ion  implantation,  samples  labeled  H  were  prepared  in  a 
Vanan  120/10  high-current  implanter  with  a  water- 
cooled  end  station.  The  beam  current  was  as  high  as  3 
mA.  In  the  Vanan/ Extrion  200-20A2  implanter,  the 
beam  was  focused  and  the  scanned  area  was  60  cm^. 
The  scanning  frequency  of  the  ion  beam  was  70  Hz 
along  the  vertical  direction  and  1000  Hz  along  the 
horizontal  direction.  In  the  Varian  120/10  implanter, 
the  beam  was  elliptic  in  shape  with  major  and  minor 
axes  of  about  4  and  2  cm  in  length,  respectively.  The 
scanning  frequency  and  rotation  speed  of  the  sample 
holder  were  4.5  cycles/min  and  1000  rpm,  respectively.. 
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The  beam  was  scanned  over  a  strip  3  to  35  cnt  from  the 
center  of  the  substrate  holder.  The  wafers  were  oriented 
7®  off  the  incident  beam  direction  to  alleviate  the 
channeling  effect. 

Isothermal  annealings  were  performed  in  a  three-zone 
diffusion  furnace  at  550-l000®C  for  0.5-1  h  in  Nj 
ambient.  High-purity  Nj  gas  was  first  passed  through  a 
titanium  getter  tube  maintained  at  800  °C  to  reduce  the 
Oj  content  for  annealings  in  N,  ambient.  The  residual 
defects  were  investigated  by  cross-sectional  transmis¬ 
sion  electron  microscopy  conducted  in  a  JEOL  200CX 
STEM,  The  dopant  activation  in  the  annealed  samples 
was  determined  from  the  sheet  resistances  which  were 
measured  by  the  four-point  probe  technique. 


3.  Results  and  discussion 

The  average  thicknesses  of  the  surface  amorphous 
layers  of  the  as-implanted  M,  MC  and  H  samples  were 
measured  to  be  120,  138  and  122  nm.  respectively.  The 
roughness  of  the  a/c  (amorphous/cry.stalline)  interface 
was  found  to  increase  in  the  order  of  H,  MC  and  M 
samples,  as  shown  in  fig.  1.  A  thicker  amorphous  layer 
was  found  in  the  MC  sample  than  those  in  the  other 
.samples,  which  is  likely  to  be  due  to  the  alleviation  of 
the  aggregation  of  damage  clusters  by  substrate  cooling. 

Solid  state  epitaxial  growth  (SPEC)  was  not  com¬ 
pleted  in  M  and  MC  samples  annealed  at  500 °C  for  1 
h.  The  a/c  interfaces  were  rather  rough.  The  average 
thickness  of  the  amorphous  layers  was  about  10  nm  and 
5  nm  in  the  M  and  MC  samples,  respectively.  The 
thickness  variation  of  the  amorphous  layers  was  about 
40  nm  and  30  nm  in  the  M  and  MC  samples,  respec¬ 
tively.,  A  high  density  of  twins  was  found  in  the  crystal¬ 
line  surface  layers.  Twins  were  found  to  have  grown 
from  a  depth  of  about  40  nm  and  60  nm  above  the 
original  a/c  interface  in  the  M  and  MC  samples,  re¬ 
spectively.  The  twins  were  plates  grown  on  all  four 
(111)  planes.  The  a/c  interfaces  were  found  to  be 
delineated  by  (111)  planes.  Paired  dislocations  were 
evident  in  tbe  M  samples  but  not  in  the  MC  samples.  In 
the  H  samples,  SPEC  was  found  to  be  completed.  The 
regrowth  layer  was  essentially  defect  free  and  the 
spreading  of  the  defect  clusters  nea'  the  original  a/c 
interface  was  about  30  nm.  Examples  are  shown  in  fig. 
2. 

SPEC  was  completed  in  M,  MC  and  H  samples 
annealed  at  600  °  C.  Thick  surface  twins  were  formed  in 
the  M  samples.  The  width  of  the  region  with  a  high 
density  of  twins  is  about  70  nm,  “V”-shaped  disloca¬ 
tions,  extending  from  the  original  a/c  interface  to  the 
lowei  boundary  of  the  twin  region  wi^h  a  density  of 
9  X  10*/cm^,  were  observed.  In  the  MC  .samples,  only  a 
low  density  of  small  twins  was  observed.  The  lengths  of 
the  microtwin  plates  were  about  10  to  30  nm.  In  the  H 


Fig.  I  XTKM  micrographs  of  the  as-implanted  samples  (a)  M 
sample,  (b)  MC  sample  and  (c)  H  sample. 


samples,  the  regrowth  layer  was  found  io  be  defect  free 
Defect  clusters  were  observed  near  the  original  a/c 
interface. 

In  the  M  samples  annealed  at  700  °C,-  ~  60-nm-long 
rod-like  defects  and  20-nm-diameter  dislocation  loops 
were  observed  in  a  layer  extending  from  the  original 
a/c  interface  to  a  depth  of  ~  320  nm  from  the  surface. 
Twins  near  the  surface  covered  about  28%  of  the  surface 
area.  Paired  dislocations  were  found  in  the  regrowth 
layers.  In  MC  saniples,  ~  10-nm-long  rod-hke  defects 
and  small  dislocation  loops  were  observed  to  be  distrib¬ 
uted  in  a  lOO-nm-thick  layer  extending  from  the  original 
a/c  interface  further  into  the  substrate.  In  the  H  sam¬ 
ples  no  dislocation  loops  were  observed  beneath  the 
orip-nal  a/c  interface.  The  defect  c'usters  in  the  original 
a/c  interface  had  grown  into  small  dislocation  loops  in 
the  M,  MC  and  H  samples.  The  depth  distribution  and 
general  features  of  defects  in  800  °C  annealed  samples 
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Fig  2.  Bnght-field  (BF)  XTEM  micrographs  of  the  550  °C,  1  h 
annealed  samples:  (a)  M  sample,  (b)  MC  sample  and  (c)  H 
sample. 


were  found  to  oe  similar  to  those  observed  in  700  °C 
annealed  samples. 

In  the  M  samples  annealed  at  900  "C,  the  rod-like 
defects  beneath  the  onginal  a/c  interface  were  found  to 
grow  into  loops.  “V”-shaped  dislocations  were  found  in 
the  near  surface  regions.  A  low  density  of  surface  twins 
was  observed.  In  the  MC  samples,  the  dislocation  loops 
near  the  onginal  a/c  interface  were  larger  than  those  in 
the  800  °C  annealed  samples.  For  the  H  samples,  simi¬ 
lar  results  were  obtained  as  those  in  the  800  "C  an- 
ne  lied  samples.  Examples  are  shown  in  fig.  3. 

In  the  M  samples  annealed  at  1000°C,  surface  twins 
and  dislocations  near  the  onginal  a/c  interface  were 
observed.  Discrete  and  large  disloca'ion  loops  were 
observed  near  the  original  a/c  interface  in  the  MC 
samples.  In  the  H  samples,  a  lower  density  of  disloca¬ 
tion  loops  than  that  found  in  the  MC  samples  was 
observed  near  the  onginal  a/c  interface. 


The  most  striking  difference  m  the  residual  defects 
among  the  annealed  samples  is  that  twins  did  not  form 
in  the  H  samples,  whereas  they  were  annealed  out  at  a 
lower  temperature  in  the  MC  samples  than  in  the  M 
samples.  Formation  of  twins  in  high-dose  BF,^  im¬ 
planted  (001  )Si  has  been  found  previously  [7],  Although 
the  implantation  was  nominally  performed  at  room 
temperature,  the  temperature  can  be  much  higher  with 
poor  thermal  conduction  in  the  end  station.  The  self-an¬ 
nealing  effect  is  expected  to  promote  the  aggregation  of 
the  defect  clusters  induced  by  ion  implantation.  The 
aggregates  are  rather  difficult  to  remove  by  thermal 
annealing  [8],  It  is  thought  that  the  stabilized  defect 
clusters  tend  to  attract  the  fluo>-ir>e  atoms  and  hinder 
the  SPEC  of  the  amorphous  layer.  As  the  SPEC  is 
slowed  down,  twins  are  formed  Comparison  among  M.. 
MC  and  H  samples  suggested  that  the  formation  of 
twins  in  the  regrowth  layer  in  BF,* -implanted  (001  )Si  is 


Fig.  3.  WBDF  micrographs  of  the  900  °C,  1/2  h  annealed 
samples'  (a)  M  sample,  (b)  MC  sample  and  (c)  H  sample. 


Ill  THROUGHPUT  &  YIELD 


196 


C.H.  Chu  el  al.  /  Annealing  behavior  of  defects  in  BF,*  -implanled  (001  )Si 


Fig,  4  Sheet  resistance-s  of  the  550  to  1100°C  annealed  M.  MC  and  H  samples. 


correlated  with  substrate  heating  conditions  during  the 
implantation. 

Rod-like  dislocations  and  equi-axial  loops  in  BF2*'- 
implanted  samples  have  been  characterized  previously 
[10,11].  In  the  M  samples,  the  results  were  similar  to 
those  obtained  previously.  In  the  MC  samples,  the 
temperature  range  of  formation  and  the  size  of  these 
dislocations  beneath  the  original  a/c  interface  are  nar¬ 
rower  and  smaller  than  those  of  the  M  samples,  respec¬ 
tively.  In  the  H  samples,  no  dislocations  beneath  the 
original  a/c  interface  were  observed.  Using  the  high- 
current  implanter,  BFj*  dissociation  is  less  prone  to 
occur.  The  formation  of  dislocations  beneath  the  origi¬ 
nal  a/c  interface  in  the  M  and  MC  samples  suggested 
that  the  dissociation  of  BFj*'  ions  occurred  dunng  im¬ 
plantation.  The  ilissociation  of  BFj^  ions  during  im¬ 
plantation  resulted  in  the  implantation  of  B*  and  F^ 
with  higher  energy  into  the  substrate.  Channeling  ef¬ 
fects  may  further  aggravate  tailing  of  the  implant  pro¬ 
file  [4,5]. 

The  electrical  activation  of  implanted  boron  ions  in 
the  M,  MC  and  H  samples  was  measured  by  the  four- 
point  probe  method.  The  variations  of  sheet  resistance 
of  these  samples,  as  shown  in  fig.  4,  are  correlated  well 
with  microstnictural  changes.  The  sheet  resistances  of 
the  H  samples  are  higher  than  those  of  the  correspond¬ 
ing  M  and  MC  samples.  This  difference  may  be  attri¬ 
buted  to  the  difference  in  dissociation  of  BF^^  ions  in 
the  accelerating  tubes.  In  the  medium-current  im¬ 
planter,  dissociation  of  BFj*'  ions  occurred  during  the 
acceleration  stage.  The  range  of  the  implanted  boron 


profiles  in  the  M  and  MC  samples  is  longer  than  that  of 
the  high-current  implanter  implanted  samples. 


4.  Summary  and  conclusions 

The  effects  of  substrate  cooling  for  BF2^  -implanted 
(001  )Si  were  revealed  by  comparing  the  residual  defects 
in  annealed  M  and  MC  samples.  A  high  density  of 
surface  twins  was  observed  in  the  M  samples.  The  BFj*^ 
ion  dissociation  effects  were  demonstrated  by  compar¬ 
ing  M  or  MC  and  H  samples.  Rod-like  and  equi-axial 
dislocation  loops  beneath  the  a/c  interface  were  ob¬ 
served  in  the  M  and  MC  samples  but  not  in  H  samples. 
A  monotonic  decrease  in  sheet  resistance  with  annealing 
temperature  was  observed  for  M  samples.  The  variation 
in  sheet  resistance  with  annealing  temperature  for  M, 
MC  and  H  samples  was  found  to  correlate  well  with  the 
changes  in  microstructures. 
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Knock-on  of  contaminants  causing  instabilities 
of  transistor  characteristics 

F.  Kroner 

Su’mcni.  tiitue/etm-ntf,  Swmcnssirussc  A'i5(K)  VilUuh.  Aufiria 


A  phenomenon  leading  to  lix.ally  distorted  breakdown  iharacleristics  of  MOS  power  transistors  in  the  range  of  0  1  to  1  mA,  e.g. 
very  far  awa\  from  real  operating  conditions,  has  been  observed  The  characteristics  might  have  suggested  a  reduced  second 
breakdown  of  the  parasitic  bipolar  transistor,  but  with  the  subtle  difference  that  the  voltage  was  normal  again  at  larger  currents.  The 
attempt  to  understand  the  phenomenon  in  terms  of  ordinary  transistor  theory  led  to  the  assumption  that  small-area  n-doping 
contaminations  were  present  in  the  silicon  substrate.  Laborious  experiments  revealed  the  fact  that  the  instabilities  of  the  breakdown 
characteiistics  were  a  unique  function  of  the  plasma  etch  equipment  used  for  polvsilicon  definition  The  question  of  interest  was  now 
how  IS  It  possible  for  contaminating  atoms  to  penetrate  through  a  rather  thick  residual  oxide  during  an  isotropic  plasma  etch  step, 
Therefor;.,  the  assumption  was  made  that  the  contaminants  were  knocked  through  the  residual  oxide  during  the  boron  implant 
nnmedia  ely  after  the  polvsilicon  etch  TXRI  -analysis  and  t'/ f  '-measuremcnts  have  shown  that  sulfur  is  the  most  probable  candidate 
for  the  n-t\pe  contamination  The  amount  of  kncKk-on  by  boron  implants  is  demonstrated  by  C'/k'  and  doping  profile  analysis 
Fmallv.  the  phenomenon  was  eliminated  by  changing  the  ,seals  of  the  etch  chamber  as  well  as  the  electrode  defining  ceramic  rings  to 
those  of  more  suitable  materials  in  order  to  avoid  the  contaminations  a  prion 


1.  Description  of  the  phenomenon 

Fig  1  shows  a  principal  cross  .section  of  an  MOS 
power  transistor  fShort-circuiting  gate  wtth  source  and 
sweeping  the  voltage  until  breakdown  of  the  pn  junc¬ 
tion  leads  to  a  typical  reverse  characteristic',  as  shown  in 
fig.  2 

Due  to  a  newly  observed  phenomenon  the  tran,sistor 
characteristics  were  affected  by  what  is  demonstrated  in 
fig  3.  Taking  into  account  data  from  all  electric' param¬ 
eters  and  from  live  tests,  the  most  probable  theoretical 
explanation  for  the  phenomenon  was  the  following.  If 
one  regards  the  source,  the  p-doped  channel  region  and 
the  n  -doped  substrate  as  an  npn-bipolar  transi.stor,.  the 
pn  -junction  initially  has  the  breakdown  behavior  of  a 


Oram  Col  Itctor 


_ BACKSIDF  HEIALLIZATION 

Fig  I  Cross  section  of  the  MOS  power  transistor  and  its 
parasitic  bipolar  transistor 


<5- ‘■'id*  ‘  ' - 7^55 

Fig  2  Normal  reverse  characteristic 

diode,  becau.se  the  p-region  is  short  circuited  with  the 
n ‘-region  by  the  aluminum  contact. 

If  for  some  reason  a  finite  resistance  is  created 
between  n ‘-emitter  and  p-ba,se,  also  depicted  in  fig.  1,: 
resulting  in  a  potential  drop  which  is  larger  than  the 
built-in  potential  of  the  n‘ p-junction,  the  reverse  char- 
acteri.stic  has  to  be  regarded  in  terms  of  the  second 
breakdown  of  a  bipolar  transistor,  which  in  its  most 
simple  form  may  be  written  as: 

BVc.k>=BV,  (1) 

where  BV(  is  the  breakdown  voltage  between  emitter 
and  collector  with  the  base  opened,  and  that  is 

between  the  base  and  collector  with  the  emitter  opened. 
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Fig  3  Distorted  reverse  characteristtcs 


e  g.  for  the  pn  -diode  a  i.s  the  static  common-base 
current  gam.  which  is  related  to  the  static  common- 
emitter  current  gain  ft  by 

P  =  a/{\-a)  (2) 

Since  p  IS  related  to  the  emitter  and  base  doping,  Nf 
and  jVp  respectively,  and  the  ba.se  width  W  roughly  by 

P  ~  (-■>) 

either  a  depletion  of  A',,  or  a  reduction  of  W  may  cause 
a  reduced  breakdown  according  to  eq.  (1).  Also  a  finite 
base  resistance  may  change  the  breakdown  behavior 
from  that  of  a  diode  to  that  typical  of  a  bipolar  tran¬ 
sistor. 


An  increased  base  resistance  may  have  its  causes 
either  in  too  little  p  doping  or  counterdoping,  or  an 
augmented  contact  resistance.  The  latter  possibility  was 
evidently  not  the  case.  Further.,  it  was  not  possible  to 
shift  the  unwanted  shape  and  oscillations  of  the  reverse 
characteristics  by  a  heat  treatment  of  up  to  400  °C,.  or 
had  any  weaknesses  of  the  gate  oxide  been  observed. 

Finally,  it  should  be  stated  that  at  laiger  reverse 
currents,  e.g.  in  a  current  region  related  to  real  operat¬ 
ing  conditions,  the  voltage  was  normal  again,  so  we 
assumed  that  the  defect  area  was  microscopically  small. 

2.  Experimental  search 

The’  experimental  investigation  initially  was  domi¬ 
nated  by  the  search  for  a  possible  diffusion  source  of  an 
n-doping  element,  for  example  unwanted  phosphorus 
diffusion  from  the  LPCVD  oxide  or  the  polysiheon 
doping. 

Since  this  seemingly  probable  hypothesis  failed,  and 
also  no  geometrical  irregularities  of  the  polysiheon  edges 
could  be  detected,  a  laborious  syster.iatic  investigation 
on  the  base  of  compari.sons  of  the  individual  manufac¬ 
turing  steps  in  different  production  lines,  revealed  that 
the  distorted  transistor  characteristics  were  a  function 
of  the  plasma  etch  equipment  used  for  polysiheon  defi- 
nitior 

A  thorough  comparison  of  the  hardware  details 
showed  that  the  "bad"  machine  used  seals  of  a  .syn¬ 
thetic  material  rather  than  a  more  natural  type  of  rubber, 
because  the  synthetic  material  delivered  better  results 
concerning  particulates  Also  a  lighter  type  of  ceramic 
was  used  to  isolate  the  etch  chamber  from  ground, 
because  it  could  be  shaped  mechanically.  It  should  be 
remarked  that  these  parts  had  been  in  operation  several 
months  before  they  started  to  cause  the  phenomenon. 
After  changing  the  parts,  the  instabilities  of  the  tran¬ 
sistor  characteristics  disappeared  immediately 

In  addition  to  the  phenomenological  investigation. 
TXRF  analyses  of  bad  transistors  were  made,  which  are 
summarized  in  table  1  The  only  real  difference  between 
devices  which  were  polysiheon  etched  with  the  different 

Tabic  1 

Averaged  results  of  TXRF-analysis  before  and  after  the  change 
of  the  seals  and  the  ceramic  ring  of  the  etch  chamber  " 
indicates  that  values  are  below  the  detection  limit. 


Stale  of  machine 

Element  (10 

atoms/cm^) 

P  S 

Ca  Fc 

Cu 

“Bad”  seal  + 

"  bad"  ceramic  ring 

-  33-44 

0-7  6  0-0.4 

0  3-0.7 

'■  Bad”  seal  H- 
good  ceramic  ring 

-  24-36 

_ 

Good  seal  -1- 
good  ceramic  ring 

- 

- 

- 
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Fig  4.  Boron  o’Dih  profiles  in  silicon  after  the  processing  described  in  table  2,  with:  (a)  uncontaminated  surface,  (b)  surface 
contaminated  Wiih  sulfunc  acid,  (c)  surface  contaminated  with  phosphorus  acid,  and  (d)  surface  contaminated  with  SF^  plasma 


4 


machines  are  the  sulfur  conceniration.s.  Sulfur  behaves 
as  an  n-doping  element. 


t 
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3,  Knock-on  experiments 


Since  the  kinetic  energy  of  any  ton  in  the  plasma  of 
an  etching  apparatus  is  completely  insufficient  to  knock 
surface  contaminants  through  the  residual  oxide,  the 
assumption  was  made  that  the  unwanted  atoms  were 
transported  into  the  substrate  during  the  subsequent 
boron  implant.  Therefore,  the  experiments  were  made 
in  order  to  evaluate  under  what  conditions  it  is  possible 
j  to  knock  n-doping  elements  into  the  substrate  by  ion 

:  implantation.  The  process  flow  of  the  experiment  is 

J  shown  in  table  2. 

f  As  fig.  4  demonstrates,  a  counterdoping  of  the  boron 

I  surface  concentration  of  up  to  20%  is  possible  if  the 


I 

I 

-""wwiiT  - - 


scattering  oxide  is  treated  by  either  a  dip  of  phosphorus 
acid  or  a  few  seconds  of  an  SF^  piusma. 

SF^  was  used  for  etching  LOCOS  nitride  in  the  same 


Table  2 

Process  flow  for  determination  of  doping  profiles 

Starting  matenal.  p-doped,  10-20  B  cm 
Cleaning:  RCA  + H2S04/H:02 
Dry  oxidation.  400  A 

DELIBERATE  SURFACE  CONTAMINATION 
Boron  implant.- 180  keV/1  X  lO'"  cm"^ 

Oxide  etch,  buffered  HF 

Dry  oxidation  +  diffusion 

Polysilicon  +  aluminum  electrodes:  1  mm^  size 

C/y  measurements:  calculation  of  doping  profile 


i 
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machine,  and  worked  probably  in  conjunction  with  the 
seals  of  the  unsuited  materials  to  produce  the  problem. 
It  was  not  poss'ble  to  counterdope  the  boron  concentra¬ 
tion  by  a  treatment  with  sulfuric  acid. 


4.  Conclusion 

An  example  has  been  illuminated  where  contamina¬ 
tion  introduced  during  ion  implantations  did  not  have 


its  source  in  the  implantation  equipment  itself,  but  in  a 
plasma  etching  apparatus.  The  necessity  of  more  fre¬ 
quent  changes  of  the  seals  and  the  use  of  higher  quality 
ceramic  in  the  plasma  etch  system,  to  assure  non¬ 
breakdown  of  materials  that  absorb  unwanted  chem¬ 
icals,  IS  justified  in  order  to  prevent  locally  counterdop¬ 
ing  by  knock-on  of  ions  implanted  immediately  after 
the  etch  step. 
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Implant  uniformity  evaluation  using  a  Varian/Extrion  scan 
compensator  module  on  an  electrostatic  scanning  ion  implanter 

Kenneth  Howard 

Motorola  Semiconductor,  2200  W'  Broadway  Rd,  Mesa,  A  Z  85202,  USA 


With  the  ever-increasing  demands  upon  processes  used  in  VLSI  technology  and  trends  toward  increased  wafer  size,  proportionate 
demands  are  being  placed  on  ion  implanter  manufacturers  for  improvement  m  areas  such  as  machine  automation,  dosimetry,  wafer 
cooling,  particle  reduction,  beam  purity,  channeltng  control  and  wafer  charging  effects,  to  name  a  few  Thts  paper  will  discuss  an 
experimental  evaluation  of  a  scan  compensator  module  developed  by  Varian/Extrion  for  the  purpose  of  improving  implant 
uniformity  This  module  is  utilized  on  their  medium  current,  electrostatic  scanning,  serial  ion  implanters  and  is  offered  as  a  retrofit 
Gains  in  uniformity  are  evident  for  an  earlier  machine;  however,  optimum  performance  may  vary  from  one  situation  to  another 


f 

if 


I.  Introduction 

Depending  on  the  type  and  make  of  ton  implanter 
under  discussion,  there  are  vanous  scanning  schemes 
employed  to  ensure  uniform  coverage  of  a  desired  im¬ 
plant  species  on  a  wafer’s  surface.  It  is  well  known  that 
the  type  of  scanning  technique  designed  into  an  im¬ 
planter  will  demonstrate  intrinsically  different  abilities 
to  dose  uniformity  [1]  Other  factors  critical  to  the  issue 
of  uniformity  include  wafer  channeling  effects,  which 
are  closely  related  to  the  implanter  system  design,  crys¬ 
tallographic  orientation  of  the  wafer,  and  the  processing 
parameters  [2].  All  of  these  have  a  strong  influence 
upon  the  resultant  implanted  sheet  resistance  (/?,)  and 


Its  uniformity  because  these  parameters  depend  upon 
the  manner  m  which  the  beam  of  energetic  ions  are 
dispersed  across  the  wafer  surface  and  finally  come  to 
rest  within  the  silicon  crystalline  lattice  structure. 

In  an  effort  to  improve  implant  uniformity  on  their 
serial  ion  implanters.  Varian/Exinon  has  designed  and 
introduced  a  scan  compensator  circuit  [3],  An  analog 
correction  transforms  the  traditional  linear  triangular 
waveform,  producing  a  quadratic  waveform  signal  in¬ 
stead,  which  IS  then  applied  to  the  electrostatic  deflec¬ 
tion  plates  [4].  This  methodology  intentionally  distorts 
the  relationship  between  voltage  and  time,  resulting  in  a 
smooth  change  in  the  rate  at  which  the  beam  sweeps 
across  the  wafer.  This  paper  will  discuss  the  experimen- 


«EXU  DUMP 


POWta  SUPPLY 

Fig.  1.  A  simple  cutaway  diagram  displaying  the  top  view  of  the  Varian/Extrion  350D  with  dual  endstation  configuration 
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tal  uniformity  results  obtained  in  an  evaluation  of 
the  Vanan/Extnon  scan  compensator  module  tested  in 
conjunction  with  an  electrostatic  (X/Y)  scanning  ion 
impianter 


2.  System  under  investigation 

This  evaluation  was  performed  within  a  research/de¬ 
velopment  pilot  line  environment  of  Motorola’s  Ad¬ 
vanced  Technology  Center  (ATC)  in  Mesa,  Arizona. 
The  impianter  used  was  an  earlier  Varian/Extrion  model 
350D  medium  current,  electrostatic  scanning,  serial 
machine  (fig.  1).  The  design  of  the  dual  wafer  processing 
endstation  configuration  utilizes  a  fixed  implant  tilt 
angle  of  +7°  and  -7°  relative  to  the  incident  beam 
direction  on  the  horizontal  axis.  Prior  to  this  investiga¬ 
tion,  the  average  percent  uniformity  difference  between 
the  two  similarly  equipped  “HYCOOL”  domed  endsta- 
tions  ranged  from  3.5  to  8%.  This  two-endstation  design 
presented  an  opportunity  to  examine  the  effect  upon 
implant  uniformity  between  two  different  endstation 
platen  geometries  which  forms  the  basis  of  this  inquiry. 
Endstation  no.  2  was  equipped  with  the  “HYCOOL” 
domed  platen  assembly,  while  endstation  no.  1  was 
equipped  with  the  standard,  flat  platen  assembly 
(without  HYCOOL).  HYCOOL  is  a  Varian  trademark 
for  the  system  designed  for  medium  to  high  dose  appli¬ 
cations  where  wafer  cooling  is  necessary.  Its  use  pre¬ 
vents  the  degradation  of  the  photoresist  film  on  wafers 
by  avoiding  excessive  implanting  temperatures.  This 
wafer  cooling  effect  is  accomplished  by  injecting  N2  at 
a  pressure  of  approximately  20  Torr  into  the  sealed  area 
between  the  back  of  the  wafer  and  the  platen  surface. 
Another  design  feature  of  the  HYCOOL  platen  is  its 
domed  geometry  This  particular  configuration  flexes 
the  wafer  surface  approximately  1.8°  from  the  wafer 
center  to  its  outer  edge  for  100  mm  diameter  wafers. 
(Newer  systems  flex  the  wafer  less,  but  require  the  use 
of  hydrogen  or  helium  for  maximum  cooling).  This 
system  also  utilizes  a  standard  X/  Y  scanning  deflection 
scheme  driven  by  triangular  waveforms  with  frequencies 
regulated  by  a  crystal-controlled  oscillator.  The  stan¬ 
dard  scanning  frequencies  are  117  Hz  on  the  vertical 
axis  and  1C19  Hz  on  the  horizontal  axis.  The  amount  of 
deflection  in  each  direction  is  directly  proportional  to 
the  voltage  applied  to  the  scan  plates. 

The  scan  compensator  module  which  Varian/Ex¬ 
trion  has  developed  for  the  purpose  of  improving  im¬ 
plant  uniformity  on  their  electrostatic  scanning  ma¬ 
chines  can  be  easily  interchanged  with  the  earlier  beam 
.scan  controller  module.  Tlie  compensator  module  has 
an  indepiendent,  variable  turn  potentiometer  control  for 
each  endstation  that  is  calibrated  in  percent.  This  corre¬ 
sponds  to  the  percent  change  in  dose  gradient  intro¬ 
duced.  Here,  one  turn  is  equal  to  one  percent. 


Viirian/Extrion  cautions  that  the  results  may  vary  by 
process,  so  the  particular  scan  settings  chosen  for  this 
investigation  were  0  0  (equivalent  to  the  standard  beam 
scan  contrclh-r).  2.5,  5.0  and  7.5%. 


3.  Experimental  procedure 

For  ATC's  350D  dual  endstation  design,  this  invest!-- 
gation  centered  on  measuring  the  dependence  of  sheet 
resistance  (/?,)  uniformity  as  a  function  of  different 
scan  compensator  settings  for  various  combinations  of 
ion  species,  energy,  dose  and  endstation  geometries. 
Thirty-two,  n-type  (100)  substrates  (avg.  p=  10  cm; 
avg.  Cfc  =  5  X  lO'Vcm’)  and  thirty-two.  p-type  (100) 
substrates  (avg.  p  =  18  12  cm;  avg.  C(,  =  8  X  lO'Vcm^) 
were  used  in  this  evaluation.  The  100  mm  diameter  test 
wafers  were  laser  scribed  for  identification  and  rando¬ 
mized.  The  scan  compensator  module  does  not  com¬ 
pensate  for  channeling  effects.  Therefore,  in  order  to 
reduce  channeling  effects,  approximately  200  A  of  screen 
oxide  was  thermally  grown  on  all  wafers  prior  to  ion 
implantation.  To  further  minimize  the  effects  of  chan¬ 
neling,  It  is  standard  practice  in  our  pilot  line  to  rotate 
the  major  flats  on  all  wafers  45°  with  respect  to  the 
machine’s  horizontal  plane  using  the  wafer  orientor 
which  IS  an  integral  part  of  the  platen  assembly.  As  a 
cross  section  of  our  present  48  "standard”  medium 
current  pilot  line  production  implants,  the  implant 
parameters  listed  in  table  )  were  selected. 

Wafer-to-wafer  repeatability  of  sheet  resistance 
for  the  same  scan  compensator  setting  with  a  given 
implant  setup  was  previously  demonstrated  to  be  on  the 
order  of  4-0.5%  or  less  with  respect  to  the  average  R^. 
Due  to  the  relatively  large  undertaking  of  this  investiga¬ 
tion  within  a  pilot  line  operation,  it  was  decided  that 
one  wafer  per  scan  setting  per  implant  setup,  though 
statistically  “weak”,,  would  provide  initial  /?,,  data  to 
ascertain  the  effects  of  the  various  compensator  settings 
with  different  implant  and  endstation  configurations. 


Table  1 

Implant  parameters 
Boron 

25  keV,  2.2  X  lO'-’/cm^ 
40keV.  l.OxlO'Vcm^ 
120keV,;l  OxlO’Vcm^ 
180 keV.  l.SxIo'Vcm’ 

Phosphorus 

40keV,  S.OXlO'Vcm^ 
180  keV,  l.OXlO'Vcm^ 

Arsenic 

40keV,  S.OxlO'Vcm^ 
180  keV.  S.OXlO'Vcm^ 
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Fig  2  Use  of  the  scan  compensator  module  on  endstation  no.  1  (non-HYCOOL.  flat  platen)  of  the  350D  displays  mixed  boron 
results  A  scan  setting  of  “0.0”  appears  to  be  optimum  for  the  boron  implants  chosen  at  25  keV,  2  2  X  lO'^  and  120  keV,.  1.0  X  lO''' 


Fig.  ,3  Use  of  the  st-an  compensator  module  on  endstation  no.  2  (domed  platen  with  HYCOOL)  of  the  350D  displays  continued 
uniformity  improvements  for  all  chosen  boron  implants  with  increased  scan  settings  A  scan  setting  of  “7  5”  appears  to  be  optimum. 
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Fig.  4.  Use  of  the  scan  compensator  module  on  both  endstations  no.  1  and  no.  2  shows  steady  gams  in  uniformity  from  a  scan  setting 
of  “0.0”  to  “7  5”  for  the  majonty  of  the  phosphorus  implants  chosen. 
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The  beam  currents  used  were  commensurate  with  im¬ 
planting  times  of  approximately  10  s.  After  the  implants 
were  completed,  the  wafers  were  then  sent  to  the  diffu¬ 
sion  area  for  the  following  separate  batch  anneals: 
boron  and  phosphorus  -  900  °C,  Nj,  30  min,  and 
arsenic  -  1040 "C,  N^,  25  min.  Following  the  removal 
of  the  screen  oxide,  sheet  resistance  measurements  were 
obtained  using  a  Prometrix  Omni  Map  system  with  45 
site  contour  maps. 


4.  Experimental  results 

Figs.  2  through  5  show  how  the  scan  compensator 
affects  the  implant  uniformity  at  the  established  scan 
settings.  Bear  in  mind  that  a  scan  setting  of  “0.0”  is 
equivalent  to  the  “standard”  beam  scan  controller  mod¬ 
ule.  Fig.  2  displays  mixed  results  for  endstation  no.  1. 
The  boron  40  keV,  1.0  x  lO''*  and  180  keV,  1.5  X  10'^ 
implants  show  initial  improvement  on  the  order  of 
approximately  17^  from  a  setting  of  “0.0”  to  “2.5”. 
From  there  they  begin  to  lose  ground.  The  boron  25 
keV,  2.2-10'^  and  120  keV,  1.0  X  10'“*  implants  suggest 
a  setting  of  "0.0”  as  the  best.  Fig.  3  is  very  encouraging 
for  all  boron  implants  under  study  on  endstation  no.  2. 
It  seems  to  suggest  that  a  scan  setting  of  “7.5”  is 
definitely  to  our  advantage  with  26  to  53%  gains  tn 
improved  uniformity  from  a  setting  of  “0.0”.  Fig.  4 
shows  steady  gains  in  uniformity  for  phosphorus  im¬ 
plants  on  both  endstations.  In  three  out  of  four  cases,  a 
scan  setting  of  “7.5”  appears  to  be  the  best.  Fig.  5 
illustrates  mixed  results  for  arsenic  implants  on  endsta¬ 
tion  no.  1 .  The  optimum  setting  for  the  40  keV  implant 
IS  at  “0.0”  and  worsens  from  there,  while  the  higher 
energy.  180  keV,:  implant  shows  continued  improvement 
to  a  setting  of  "7.5”.  Both  the  40  and  180  keV  arsenic 


implants  on  endstation  no.  2  show  approximately  a  10% 
uniformity  improvement  from  a  setting  of  “0.0”  to 
“2.5”.  The  180  keV  implant  continues  this  downward 
trend  to  a  scan  setting  of  “7.5”  where  it  shows  a  final 
improvement  of  33%.  The  40  keV  implant  however  does 
not  follow  this  trend  and  the  gains  in  uniformity  for 
scan  settings  between  “0.0”  and  “5.0”  are  lost  at  “7.5”. 


5.  Discussion 

It  is  apparent  that  endstation  no.  1  with  the  flat-faced 
platen  assembly  has  demonstrated  better  (lower)  overall 

uniformity  results  when  compared  to  endstation  no. 
2,  regardless  of  the  scan  compensator  setting.  The  uni¬ 
formity  results  from  endstation  no.  1  ranged  from  19  to 
52%  better  than  those  from  endstation  no.  2.  This  was 
to  be  expected,  since  the  flexing  of  the  wafer  over  the 
domed  platen  produces  higher  nonuniformity  at  any 
flat  rotation  angle  [2].  Implant  uniformity  problems  are 
influenced  by  channeling  effects  as  a  result  of  the 
system  design  (scanning  scheme,  wafer  tilt  and  rotation, 
scan  angles,  compound  implant  angles  due  to  wafer 
flexing,  etc.)  and  crystallographic  orientation  of  the 
wafer.  Wafer  size  is  another  important  factor  to  con¬ 
sider.  The  larger  the  wafer  diameter  to  be  implanted  on 
a  flexed  dome,  the  more  compound  angles  will  be 
introduced,  edge  to  edge,  resulting  in  greater  uniformity 
variation. 

The  effects  of  planar  channeling  have  shown  sheet 
resistance  variation  as  high  as  10%  indicating  that  chan¬ 
neling  IS  an  overriding  factor  in  obtaining  implant  uni¬ 
formity  and  that  this  is  commonly  known  to  cause 
junction  depth  variation  of  10  to  50%  in  implants  into 
bare  silicon  [4-8].  The  scan  compensator  does  not  affect 
channeling,  however  these  effects  can  be  greatly  re- 


Fig.  5.  Use  of  the  scan  compensator  module  with  endstations  no  1  and  no  2  shows  continued  improvement  in  uniformity  for  the 
arsenic  implant  at  180  keV,  5.0x10'^  from  a  scan  setting  of  “0.0”  to  “7.5”.  Mixed  uniformity  results  were  obtained  for  the  arsenic 

implant  at  40keV,  5.0X  lO’^cm"^. 
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duced  by  thermally  growing  a  layer  of  screen  oxide  on 
the  wafer  surface  as  well  as  providing  some  means  of 
implant  wafer  tilt,  usually  7°,  and  wafer  twist.  The 
object  of  the  scan  compensator  module  is  to  subdue  or 
eliminate  geometric  nonuniformity  effects  as  the  result 
of  implanting  wafers  at  a  7°  tilt.  The  use  of  a  dome¬ 
shaped  platen  as  opposed  to  a  flat  platen  arrangement 
will  have  a  worsening  effect  on  dose  uniformity  as  well 
as  variation  of  the  dopant  depth  profile  across  the 
wafer. 

Due  to  the  many  complex  interactions  involved  in 
this  investigation,  the  various  results  have  not  been 
completely  quantified,  however  the  optimum  scan  set¬ 
ting  for  endstation  no.  1  with  its  flat-faced  platen  ranged 
from  “0.0”  to  “7.5”  and  appears  to  be  dependent  on 
the  type  of  implant  desired,  which  does  not  make  it  very 
convenient  in  a  normal  production  mode.  Endstation 
no.  2,  with  its  domed  platen  face,  may  have  demon¬ 
strated  higher  nonuniformity  values  than  endstation  no. 
1,  but  for  the  majority  of  the  implants  in  this  study,  it 
also  showed  larger  gains  in  uniformity  as  the  scan 
setting  was  increased.  The  optimum  scan  setting  on 
endstation  no.  2  was  typically  “7.5”. 

6.  Conclusion 

As  expected,  when  comparing  percent  uniformity 
between  platens  only,  a  flat-faced  platen  achieved  su¬ 
perior  values  compared  to  a  domed  platen  face  on 
Varian/Extrion’s  350  D  medium  current  ion  implanter. 
This  is  due  to  the  fact  that  the  wafer  is  not  flexed, 
reducing  the  range  of  compound  implant  angles  across 


the  surface  of  the  wafer  One  must  keep  in  mind, 
however,  that  in  this  system  a  flat-faced  platen  does  not 
have  the  superior  wafer  cooling  ability  as  does  the 
domed  face  platen  and  the  degradation  of  photoresist 
due  to  wafer  heating  can  become  a  problem  with  doses 
much  above  1.0  X  10''*  ion.s/cm^.  In  this  study,  when 
the  scan  compensator  was  utilized  in  conjunction  with  a 
flat-faced  platen,  mixed  results  were  obtained,  therefore 
under  these  conditions  one  may  wish  to  abstain  from 
the  use  of  a  scan  compensator  in  a  production  environ¬ 
ment  and  look  for  other  alternatives  to  improve  uni¬ 
formity.  Wafers  implanted  on  a  domed  platen  face,  on 
the  other  hand,  yielded  intrinsically  higher  uniform¬ 
ity  values  due  to  channeling  effects  coupled  with  the 
system  design.  However,  if  this  platen  is  used  in  concert 
with  a  Vanan/Extrion  scan  compensator  module,  im¬ 
provements  in  uniformity  can  be  significant. 
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The  use  of  negative  ions  to  enhance  beam  currents  at  low  energies 
in  an  MeV  ion  implanter 

John  P,  O’Connor,  Michael  E.  Mack,  Anthony  Renau  and  Nobuhiro  Tokoro 

Genus  Inc.,  Ion  Technology'  Division,  4  Mulliken  If'ay,  Newhuryport,  MA  01950,  USA 

Since  the  introduction  of  the  G1500  ion  implanter,  the  use  of  tandem  accelerators  in  production  ion  implantation  systems  has 
become  well  established.  However,  the  beam  currents  which  are  attainable  at  present  at  low  energies  (  <  200  keV)  are  suitable  for 
only  low-  and  medium-dose  implants.  In  this  paper,  an  approach  to  increase  low-energy  beam  currents  in  dc  tandem  accelerators  is 
presented  Specifically,  the  use  of  negative  ions  which  have  been  generated  in  the  injector  of  the  implanter  are  transported  to  the  end 
station  and  implanted  into  the  wafers.  In  this  work,  beam  current  measurements  which  have  been  performed  using  the  Genus  G1500 
ion  implanter  are  presented  for  the  typical  semiconductor  dopants  In  addition,  system  changes  which  are  necessary  to  accomplish 
implants  with  negative  ions  are  discussed.  A  comparison  of  sheet  resistances  and  uniformities  measured  with  both  positive  and 
negative  ions  at  the  same  energy  and  from  the  same  G1500  system  are  presented. 


I.  Introduction 

Over  the  past  few  years,  the  use  of  high-energy 
implantation  has  been  primarily  confined  to  the  labora¬ 
tory  for  the  development  of  next-generation  devices. 
However,  in  several  major  fabrication  facilities,  high-en-: 
ergy  imph-ntation  has  progressed  from  a  purely  research 
and  development  tool  to  production  This  -r  dudes  pro¬ 
duction  of  dynamic  random-access  memory  devices  and 
charge-coupled  devices. 

For  efficient  production  u.se  of  these  .systems,  the 
capability  of  the  implanter  to  support  low-energy, 
medium-current  implants  is  important.  At  present,  MeV 
ion  implanters  using  the  dc  tandem  acceleration  tech-, 
nique  such  as  the  Genus  G1500  attain  beam  currents  at 
energies  below  200  keV  which  are  suitable  for  only 
low-dose  implants. 

To  improve  the  G1500  capabilities,  a  program  has 


been  instituted  by  Genus  to  enhance  ion  beam  currents 
in  the  MeV  system  at  low  energies.  The  efforts  to  date 
have  focused  on  transporting  the  negative  tons  pro¬ 
duced  in  the  injector  of  the  system  through  the  tandem 
acceleration  structure.  These  ions  are  the  dopants  for 
the  silicon  wafers. 

In  this  work,  beam  current  measurements  of  negative 
tons  for  the  semiconductor  dopants  are  presented.  The 
transport  effic;  t-.cies  liirough  the  ta'idem  accelerator 
and  charge-state-re.solving  filter  magnet  are  also  pre- 
.sented.  In  addition.  G1500  system  changes  necessary 
for  negative  ion  implants  are  discussed.  Finally,  pre¬ 
liminary  experiments  have  been  performed  to  compare 
the  sheet  resistances  and  uniformities  of  bare  and 
oxide-coated  silicon  wafers  implanted  with  positive  or 
negative  tons  at  the  same  energy  and  by  the  same 
system. 
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Fig.  2  Sheet  resistivity  maps  of  120  keV  (a)  P*  and  (b)  P  ,-2xl0'’cm  ‘  implants  into  bare  silicon  wafers  after  a  960°C,30  min 

anneal. 


2.  Experimental  technique 

A  schematic  representation  of  the  G1500  is  shown  in 
fig.  1.  In  typical  operation,  positive  ions  are  extracted 
from  the  ion  source  at  an  energy  of  up  to  40  keV  and 
immediately  enter  a  charge  exchange  cell  containing 
magnesium  vapor.  In  the  cell,  a  fraction  of  the  ions  are 
converted  from  positive  to  negative..  The  desired  nega¬ 
tive-ion  species  is  selected  and  focused  by  the  90° 
analyzing  magnet.  The  ions  are  then  accelerated  back  to 
ground  potential  through  a  three-gap  region  with  a 
resultant  energy  of  up  to  130  keV.  A  Faraday  cup  may 
be  inserted  at  this  point  to  monitor  and  optimize  the 
negative  ion  current. 

After  exiting  the  injector,,  the  negative  ions  enter  the 
tandem  acceleration  section  of  the  system.  A  quadru- 
pole  doublet-steerer  assembly  restores  the  circular  sym¬ 
metry  for  optimum  transmission  through  the  accelera- 
ior  The  negative  10ns  are  accelerated  toward  the  posi¬ 
tive  high-voltage  terminal  at  the  center  of  the  Tandetron 
(up  to  750  kV)  where  they  pass  through  a  nitrogen  gas 
cell.  Electrons  are  stripped  from  the  ions  reversing  their 


polanty  from  negative  to  positive.  The  positive  ions  are 
then  repelled  from  the  terminal  and  accelerated  back  to 
ground  potential.  A  second  quadrupole  doublet  lens 
focuses  the  positive  10ns  which  enter  the  beam  energy 
filter.  In  this  region,  the  positive  10ns  pass  through  a 
uniform  10°  magnet  which  separates  the  singly,  doubly 
and  triply  charged  ions  produced  in  the  nitrogen  stripper 
canal.  The  desired  beam  passes  into  the  end  station  and 
impinges  upon  the  wafers. 

At  low  energies,  the  charge  exchange  efficiency  (from 
- 1  to  -f  1)  at  the  nitrogen  stripper  canal  is  small.  Thus, 
the  positive  ion  currents  attained  at  the  end  station  are 
not  optimum.  One  method  to  increase  these  low-energy 
beam  currents  is  to  close  the  N2  leak  valve  to  the 
stripper  canal,  set  the  Tandetron  voltage  equal  to  zero, 
and  transport  the  negative  ions  through  the  tandem 
region.  The  voltages  applied  to  the  quadrupole  doublet 
lens  downstream  of  the  Tandetron  are  reversed  to  focus 
the  negative  ions.  In  addition,  the  polanty  of  the  10° 
beam  filter  magnet  is  reversed  from  normal  operation  to 
deflect  negative  ions  and  these  ions  pass  through  the 
final  defining  aperture  and  are  incident  upon  the  wafers. 
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For  setup  and  implant  control,  the  only  additional 
change  is  that  the  dosimetry  system  must  be  modified  to 
use  negative  current  from  the  setup  and  disk  Faraday 
cups. 

3.  Results  and  discussion 

In  table  1,  typical  beam  currents  which  have  been 
obtained  in  both  standard  operation  of  the  GISOO,  and 
in  these  measurements  are  presented.  In  addition,  the 
beam  currents  measured  at  the  injector  Faraday  cup  are 
included  as  well  as  the  transmission  percentages  from 
the  injector  Faraday  cup  to  the  setup  Faraday  cup.  The 
ratio  of  the  increase  of  negative  ion  to  positive  ion 
transmission  to  the  water  plane  is  also  presented. 

As  evidenced  by  the  data,  there  is  a  significant 
improvement  in  low-energy  beam  performance  for  each 
species.  The  negative-ion  transmission  results  demon¬ 
strate  the  excellent  focusing  characteristics  of  the  G1500 
as  the  ions  are  transported  a  significant  distance  without 
acceleration,  i.e...  from  the  exit  of  the  pre-acceleration 
column  to  the  wafer  plane.  Also,  it  i.'  interesting  to  note 


that  the  ion  source  output  was  not  maximized  during 
the  measurements.  Thus,  one  would  expect  substantial 
increases  (approximately  a  factor  of  2)  for  each  species 
with  optimized  ion  source  parameters. 

In  addition  to  the  beam  current  measurements,  phos¬ 
phorus  implants  were  performed  using  both  positive 
and  negative  ions  from  the  same  system  and  at  the  same 
energy.  The  negative  ion  implants  were  the  first  in  a 
series  of  measurements  which  will  be  performed  at 
Genus.  Sample  Prometrix  maps  from  120  keV  and 
P  ■  2  X  10'^  em“^  implants  into  bare  silicon  wafers  are 
presented  in  fig.  2.  Maps  for  120  keV  P"^  and  P" 
5  X  10'^  cm”^  implants  into  silicon  wafers  coated  with 
200  A  of  silicon  dioxide  are  shown  in  fig.  3.  The  data 
demonstrate  that  the  uniformities  are  well  within  speci¬ 
fication  for  both  ion  polarities.  The  sheet  resistances 
also  agree  to  within  approximately  2%. 


4.  Summary 

It  IS  clear  that  the  G1500  system  may  be  used  for 
both  positive  and  negative  implants  with  good  results. 
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Fig.  3.  Sheet  resistivity  maps  of  120  keV  (a)  P*  and  (b)  P  ,,-5x10'^  cm  ^  implants  into  silicon  wafers  coated  with  200  A  of  silicon 

dioxide  after  a  960  “C,  30  min  anneal 
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Tabic  1 

Beam  currents  measured  in  standard  G1500  operation  (  +  )  and 
by  the  transmission  of  negative  ions  to  the  end  station  ( - );  the 
injected  beam  currents  at  each  energy  as  well  as  the  transmis¬ 
sion  percentages  for  each  species  and  the  ratio  of  the  negative- 
to  positive-ion  transmission  percentages  are  presented 


Energy 

Injected 

Target 

Trans- 

Ratio 

[keV] 

current 

current 

mission 

t-/  +  l 

[|iA) 

lliAl 

[*i 

( 1 )  Boron  results 

40 

80 

33(-) 

41 

26 

40 

76 

12(  +  ) 

16 

100 

96 

42{-) 

44 

1.7 

100 

86 

22(-t-) 

26 

140 

126 

76(-) 

60 

1  9 

140 

112 

36(-t-) 

32 

(2)  Phosphorus  results 

40 

402 

105(-) 

26 

1  5 

40 

395 

68(  +  ) 

17 

80 

495 

173  (-) 

35 

;.6 

80 

491 

108(4-) 

22 

120 

511 

196( -) 

38 

1.8 

120 

494 

104(4-) 

21 

(3)  Arsenic 

results 

40 

73 

36  ( - ) 

49 

1  8 

40 

60 

16(4) 

27 

80 

71 

47(-) 

66 

1.7 

80 

65 

26(4) 

40 

120 

69 

53(-) 

77 

1  7 

120 

68 

31(f) 

46 

There  are  only  minor  system  changes  necessary  to  switch 
from  standard  positive  ion  implant  mode  to  the  use  of 
negative  ions.  The  increase  in  f  am  currents  available 
with  negative  ions  makes  their  use  for  implantation 
attractive.  The  G1500  is  the  only  production  system 
available  with  this  capability.  In  future  measurements, 
the  small  differences  in  sheet  resistivity  between  the 
positive  and  negative  phosphorus  ion  implants  will  be 
examined.  A  study  of  boron  and  arsenic  negative  ion 
implants  will  also  be  performed. 

In  a  separate  set  of  experiments,  measurements  will 
be  performed  to  examine  the  transport  of  low-energy 
positive  ions  directly  from  the  extraction  region  to  the 
end  station.  This  technique  has  the  potential  advantage 
of  injecting  substantial  beam  currents  (several  mA)  into 
the  tandem  acceleration  region  with  significant  in¬ 
creases  in  target  beam  current  for  ions  with  energies 
below  40  keV.  These  results  will  be  described  in  a  future 
publication. 
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Charging  measurement  and  control  in  high-current  implanters 

Gordon  Angel,  Nara  Meyyappan,  Frank  Sinclair  and  Weilin  Tu 

Eaton  Corporation,  Semiconductor  Equipment  Division,  Beverly,  MA  0I9I5,  USA 


We  present  data  on  beam  potential  measurements  in  a  high-current  implanter.  The  beam  potential  measurements  were  made 
using  a  test  structure  on  a  silicon  wafer  with  a  time-resolved  in  situ  data  gathering  system  in  the  mechanically  scanned  implanter 
Data  comparing  differei.t  conditions  In  the  implanter  show  that  the  beam  potential  strongly  inTiuences  the  surface  potential  of  the 
wafer  when  it  is  exposed  to  the  ion  beam.  This  \oltage  can  be  effectively  controlled  by  the  use  cf  electron  injection  from  an  electron 
shower  as  currently  practiced.  Analysis  of  results  in  terms  of  a  theoretical  model  suggests  that  charge-induced  breakdown  of  very  thin 
gate  oxides  in  ion  implantation  will  not  become  an  insuperable  obstacle  in  the'  foreseeable  future 


1.  Introduction 

The  use  of  thinner  ( <  10  nm)  and  thus  more  sensi- 
ttve  gate  oxides  in  ULSl  circuits  as  device  sizes  decrease 
presents  an  increasingly  important  constraint  on  ton 
implant  processes.  Ion  implanters,  particularly  high-cur¬ 
rent  ( >  1  mA)  systems  in  high-dose  ( >  1  x  lO'*  cm"*) 
applications  clearly  have  a  potential  for  creating  a  great 


amount  of  damage  to  sensitive  structures  already  on  the 
wafer  at  that  stage  in  the  process  [1.2]. 

Many  parameters  are  important  in  determining  the 
yield  and  reliability  of  such  devices:  beam  current, 
beam  shape,  beam  residence  time  [3.4],  process  chamber 
pressure,  electron  injection  from  showers  or  floods  [5,6], 
secondary  electron  yields  from  the  various  surfaces, 
device  design  [7.8]  and  wafer  grounding  schemes.  Using 
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Fig  1.  (a)  Schematic  of  the  \/afer  mounted  on  the  implanter  disk  (b)  Cross  section  of  a  test  site  and  block  diagram  of  circuit  used  to 

measure  the  voltages  on  the  test  structures 
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a  specially  designed  probe  [1],  we  have  made  measure¬ 
ments  of  the  potential  distribution  in  the  beam.  The 
results  from  these  experime  s  allow  the  refinement  of 
current  physical  models  of  the  proces.ses  occurring  in 
the  beam-wafer  interaction. 


2.  Measurements 

We  have  developed  a  wafer  that  contains  several  test 
capacitor  sites,  both  500  (im  and  1  mm  square,  that  are 
linked  by  metallization  traces  and  wire  bonding  to  an 
external  contact  array.  Individual  sites  may  be  con¬ 
nected  to  a  differential  amplifier,  analog  to  digital  con¬ 
verter  and  micro  controller  for  data  storage.  The  wafer 
and  electronics  are  mounted  on  the  rotating  disk  of  the 
implanter,  shown  schematically  in  fig.  la.  Fig.  lb  shows 
a  cross  section  of  a  device  and  a  block  diagram  of  the 
electronics. 

The  voltage  that  appeared  on  the  substrate  and  that 
of  a  selected  capacitor  were  monitored  simultaneously 
at  a  sampling  rate  of  100  samples  per  milli.second  and 
an  8  bit  resolution  between  typical  limit  values  of  - 100 
and  + 100  V  using  a  single  card  data  logger  manufac¬ 
tured  by  Onset  Corporation  [9],  data  sampling  being 
initiated  by  the  beam  passing  o  /er  the  start  bar  shown 
in  fig.  la  The  final  output  was  obtained  by  download¬ 
ing  the  stored  data  using  a  serial  RS-232  data  link  to  a 
PC  for  subsequent  analysis  and  manipulation. 

These  experiments  were  earned  out  in  an  Eaton 
NV-10  high-current  implanter  with  a  mark  IV  electron 
shower  to  control  the  beam  space  charge  and  wafer 
charging.  In  this  device  a  stream  of  electrons  emitted 
from  a  filament  is  accelerated  to  300  V  and  allowed  to 
impinge  upon  a  secondary  target,  from  which  a  copious 
supply  of  low  energy  secondary  electrons  is  emitted. 
These  low  energy  electrons  are  attracted  by  the  poten¬ 
tials  of  the  beam  and  the  positively  charged  wafer  thus 
helping  to  reduce  the  potential  of  both.  The  shower 
current  referred  to  later  in  this  report  is  the  current  of 
primary  electrons  leaving  the  filament. 


3.  Results 

Fig.  2a  shows  a  typical  voltage  observed  between  the 
wafer  and  ground  measured  with  a  2  mA  beam  of  As*^ 
ions  at  40  keV.  Notice  the  initial  positive  step  as  the 
leading  edge  of  the  wafer  sweeps  into  the  beam,  fol- 
losved  by  a  similar  drop  in  voltage  about  1  ms  later  as 
the  trailing  edge  of  the  100  mm  wafer  exits  the  beam, 
traveling  at  a  circumferential  velocity  of  23.5  m/s.  After 
the  initial  ri.se  to  11  V  at  2  ms.  there  appears  to  be  an 
RC  decay  to  about  4  V  with  a  time  constant  of  1  or  2 
ms.  Our  interpretation  of  this  process  is  that,  while  the 
voltage  of  the  beam  is  constant  at  11  V,  our  probe  is 
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Fig.  2  Results  of  measurement  with  a  40  keV,.  2  mA  As  ^ 
beam  (a)  Shows  the  measured  substrate  to  ground  voltage,  (b) 
shows  the  measured  test  site  to  substrate  voltage,  and  part  (c) 
shows  the  sum  of  these  two  signals,  the  test  site  to  ground 
voltage 


measuring  the  voltage  of  the  substrate  and  this  de¬ 
creases  because  of  the  increasing  voltage  across  the 
capacitor  formed  by  the  oxide  on  the  wafer.  The  surface 


<j  Angel  et  at.  /  Charging  measurement  in  high-cwrenl  implanters 


213 


of  this  wafer  has  a  450  nm  field  oxide  over  all  the 
exposed  surface,  which  can  be  expected  to  act  as  a 
capacitor,  with  a  capacitance  of  ?hout  0.6  |iF.  When  the 
outer  surface  of  the  oxide  is  forced  to  the  beam  poten¬ 
tial  of  1 1  V,  the  capacitively  coupled  substrate  follows 
this  voltage.  The  leakage  resistances  from  the  substrate 
to  ground  and  the  parallel  leakage  across  the  oxide 
Itself,  either  of  which  may  be  enhanced  or  provided  by 
the  weak  plasma  in  the  implant  chamber,  form  a  differ¬ 
entiator  network  which  allows  the  substrate  potential  to 
decay  exponentially  from  II  V.  An  equilibrium  is  reach¬ 
ed.  in  the  case  shown  at  about  4  V.  when  the  networks 
supplied  by  the  leakage  resistances  divide  pro¬ 
portionately  the  11  V  beam  potential.  At  this  equi¬ 
librium,  there  will  be  7  V  across  the  field  oxide,  corre¬ 
sponding  to  an  electric  field  of  0.16  MV/cm.  This  may 
well  be  higher  at  a  thin  point  at  the  edge  of  the  wafer  or 
some  defect. 

Once  the  wafer  leaves  the  beam,  the  surface  of  the 
wafer  reverts  to  0  V.  The  substrate  potential  reflects  this 
11  V  change  as  would  be  expected  of  a  differentiator 
network. 

In  fig.  2b  the  measured  voltage  between  the  test 
device  and  the  substrate  is  shown.  Note  how  the  signal 
consists  of  a  component  that  is  the  inveise  of  the 
variation  of  the  substrate  potential  with  a  superimposed 
positive  peak,  shown  as  A  in  the  figure.  The  extent  to 
which  the  initial  negative  variation  of  the  substrate 
potential  matched  the  inverse  of  the  substrate  potential 
was  investigated  and  found  to  be  strongly  dependent  on 
the  value  of  R^  (fig.  lb),  the  input  impedance  of  the 
differential  amplifiers. 

As  the  beam  strikes  the  substrate  and  drives  it  posi¬ 
tive  with  respect  to  ground  the  test  device  is  driven 
negative  with  respect  to  the  substrate,  the  connection  of 
the  measurement  circuit  supplying  the  necessary  nega¬ 
tive  charge  from  ground.  In  the  ideal  case,  with  an 
infinite  input  impedance,  the  test  device  potential  would 
float  with  the  substrate  potential  and  no  negative  excur¬ 
sion  would  be  seen.  We  attempted  to  increase  the  values 
of  R,  to  achieve  this  but  even  at  values  as  high  as  50 
M£2  an  appreciable  negative  variation  of  the  site  poten¬ 
tial  was  observed.  As  the  value  of  R,  was  decreased,  the 
negative  vanaticn  in  the  site  voltage  increased  until  it 
matched  the  inverted  substrate  variation.  As  the  imped¬ 
ance  was  lowered  below  200  kf2  a  loss  of  the  peak 
height  in  the  positive  going  part  was  observed.  For  these 
experiments  a  value  of  680  kJ2  was  finally  adopted.  It 
was  then  possible,  by  measuring  the  site  and  the  sub¬ 
strate  voltages  simultaneously,  to  calculate  the  potential 
of  the  test  site  to  ground  by  adding  the  site  to  substrate 
voltage  and  the  substrate  to  ground  voltage.  If  we 
assume  that  there  is  a  sufficient  exchange  of  charge 
between  the  surface  and  the  beam,  this  sum.  shown  in 
fig.  2c,  can  be  taken  to  represent  the  effective  beam 
potential  at  different  positions  as  the  site  passes  through 


the  beam.  Further  investigations  showed  that  this 
potential  was  independent  of  the  site  capacitor  size, 
lending  w-eight  to  the  argument  that  the  beam  acts  as  a 
voltage  rather  than  a  current  source,  although  the  de¬ 
crease  in  the  observed  signal  as  the  input  impedance  is 
lowered  below  200  kfl  suggests  that  this  is  a  current 
limited  source. 

Given  the  input  impedance  of  680  kil.  the  total 
charge  flowing  through  the  external  circuit  can  be 
estimated  for  a  peak  of  1 1  V  with  a  FWHM  of  1  ms  as 
11  V  X  1  ms/680  kJ2  =  16  nC.-  This  is  much  larger  than 
that  deposited  in  the  test  site  by  the  ions  in  the  beam.  If 
we  allow  one  positive  charge  per  ion,  assume  that  the 
beam  has  a  height  in  the  direction  normal  to  the  travel 
of  20  mm  and  use  a  collection  area  of  0.25  mm‘,  then  a 
2  mA  beam  will  deposit  1.0  nC  in  a  single  pass  of  the 
wafer  through  the  beam.  Thus  the  actual  amount  of 
charge  ob.served  on  this  small  test  structure  is  much 
larger  than  the  beam  itself  can  have  supplied,  even 
taking  into  account  reasonable  secondary  electron  yields, 
(typically  about  two  for  the  energies  of  interest  here 
[10]).  Thus  we  see  that  the  signal  observed  on  a  local 
scale  (smaller  than  the  beam  dimension)  is  much  more 
readily  interpretable  in  terms  of  the  voltages  established 
than  in  terms  of  the  expected  currents  in  the  beam 

Fig.  .3a  shows  the  dependence  of  the  maximum  beam 
potential  ( )  on  the  electron  shower  pnmary  current 
for  a  2  mA  B"*  beam  at  20.  40  and  60  keV,  while  Figs. 
3b  and  3c  show  the  similar  data  for  different  As"^  beam 
conditions.  For  each  beam  species  and  current,,  the 
variation  of  the  maximum  voltage  as  a  function 
of  the  shower  primary  current  ( /p)  can  be  closely  repre¬ 
sented  by  an  equation  of  the  form  ^  Values 

of  m  range  between  0,3  and  0.5.  The  variation  of  the 
peak  voltage  on  beam  energy  is  more  complex:  for 
boron  we  see  the  higher  voltages  with  the  higher  energy 
beams,  while  for  arsenic'  there  are  several  instances 
when  lower  energy  beams  were  found  to  be  significantly 
more  tightly  focused  and  to  give  higher  potentials,  as 
shown  in  fig.  3b, 


We  can  summarize  our  model  of  the  physical  inter¬ 
actions  that  occur  in  a  high-current  implanter  with 
reference  to  two  different  scales  of  spatial  dimension. 
On  a  large  scale,  with  dimensions  larger  than  the  width 
of  the  beam,  the  net  electrical  current  delivered  by  the 
beam  is  related  to  the  ion  beam  current  and  the  flow  of 
electrons  and  this  current  is  responsible  for  the  poten¬ 
tial  of  conductors  large  enough  to  trap  the  whole  beam. 
On  a  scale  smaller  than  the  beam  dimension,  however, 
there  are  potential  gradients  established  by  the  beam 
potential  and  the  beam  will  supply  quite  large  current 
densities  to  maintain  these  potentials  on  the  surface  of 
Its  target. 


4.  Discussion 
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Fig  3  Peak  measured  voltages  as  a  function  of  beam  kinetic 
energy  and  electron  shower  primary  current  for  the  following 
conditions;  (a)  2  mA  beams,  (b)  2  mA  As*  beams  and  (c) 

5  mA  As*  beams.  In  each  case  beams  energies  are  represented 
as  follows:  (■)  20  keV,  (  +  )  40  keV,  (*)  60  keV,  (□)  80  keV 
The  lines  connecting  the  measured  points  are  intended  merely 
as  guides  to  the  eye. 


It  IS  useful  to  distinguish  three  fluxes  of  electrons. 
First,,  those  which  are  injected  from  outside  the  beam 
either  from  an  electron  shower  or  by  emission  from  the 
sidewalls  of  the  beam  guide  induced  by  stray  ions. 
These  have  significant  kinetic  energy  when  they  reach 
the  center  of  the  beam,  and  as  such  are  likely  to  escape 
to  the  sidewalls  unless  they  can  be  thermalized  by  the 
particles  already  in  the  beam.  Consiti  .'■'’tion  of  the 
energy  loss  cross  sections  indicates  that  other  electrons 
already  in  the  beam  would  be  much  more  effective  at 
slowing  down  the  injected  electrons.  This  thermalization 
process,  of  course,  would  result  in  an  increase  in  the  net 
electron  temperature  in  the  beam.  Second,  electrons 
that  are  the  result  of  ion  beam  collisions  with  the 
residual  gas  and  thus  with  little  kinetic  energy  at  the 
bottom  of  the  potential  energy  well  formed  by  the 
beam.  Either  of  these  first  two  fluxes  of  electrons  will 
reduce  the  beam  potential  and  also  may  reduce  the  net 
charge  on  the  wafer  [3].  Third,  there  are  secondary 
electrons  produced  by  the  beam  striking  the  target. 
The,se  electrons  will  also  reduce  the  beam  potential,  but 
while  the  beam  is  stnking  the  wafer,  they  will  increa.se 
the  net  electrical  current  to  the  surface  of  the  wafer  [4]. 

On  a  scale  smaller  than  the  dimensions  of  the  ion 
beam,  it  is  more  useful  to  consider  that  the  beam  has  a 
characteristic  potential,  determined  by  the  space  charge 
represented  by  the  ions  and  electrons.  Our  experiments 
suggest  that  ihe  local  electrical  currents  induced  in  the 
structures  on  the  wafer  respond  very  quickly  to  main¬ 
tain  these  voltage  distributions.  The  fact  that  these  local 
current  densities  are  much  higher  than  the  net  current 
density  transported  by  the  beam  must  mean  that  there 
is  a  significant  component  due  either  to  a  field  extrac¬ 
tion  of  electrons  from  the  surface  of  the  wafer  or  by 
surface  currents  enabled  by  conduction  in  the  surface  of 
the  solid  target  mduced  by  the  impact  of  the  energetic 
ions. 

This  analysis  argues  that  charge  control  .^/sterns  in 
high-current  implantcis  should  be  designed  to  serve  two 
interrelated  goals:  first,  to  add  electrons  to  the  beam  to 
mininuze  the  net  charge  delivered  by  the  beam  so  that 
large  area  conducting  components  do  not  collect  enough 
charge  to  produce  excessively  high  voltages,  and  second 
to  neutralize  sufficiently  the  space  charge  of  the  beam 
and  control  its  spatial  dimensions  so  that  the  electro¬ 
static  beam  potential  itself  does  not  rise  to  a  level  that 
will  be  hazardous  to  the  devices.  In  either  case,  it  is 
important  to  realize  that  large  potential  voltages  are 
only  dangerous  if  they  can  deliver  significant  net  charge 
per  unit  area  through  an  oxide. 
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Phosphorus  implantation  into  polycrystalhne  silicon  (poly-Si)  has  been  used  to  dope  the  gate  electrodes  in  poly-Si  and  polycide 
structures.  Effects  of  phosphorus  implantation  conditions  and  post-implantation  annealing  on  the  time  zero  dielectnc  breakdown 
(TZDB)  characteristics  of  gate  oxides  of  thicknesses  10.  20  and  30  mi  were  investigated  Higher  implantation  energy  and  higher 
post-implantation  annealing  temperature  result  in  worse  TZDB  properties  of  the  gate  oxides  Especially,  the  TZDB  characteristics  of 
10-nm-thick  oxides  after  annealing  show  a  much  more  significant  dependence  on  the  phosphorus  implantation  energy  and 
post-impl.  .nation  annealing  temperature  than  those  of  thicker  oxides  Therefore,  phosphorus  diffusion  into  the  S1O2/S1  interface  is 
the  main  cause  of  deterioration  of  the  gate  dielectrics  The  thicker  oxide  has  a  higher  enduiance  to  the  phosphorus  diffusion  and 
consequently  achieves  a  better  dielectric  property  for  the  higher  energy  implantation  and  higher  temperature  annealing  conditions 


1.  Introduction 

Generally,  doped  polycrystalline  silicon  (poly-Si)  and 
polycide  (i.e.  sihcide  film  on  the  doped  poly-Si  layer) 
structures  are  used  as  gate  electrodes.  Since  the  speed 
advantages  attained  from  short-channel  design  of  the 
smaller  components  would  be  offset  by  the  interconnect 
resistance  at  the  gate  level  [1,2],  heavy  doping  of  poly-Si 
films  IS  commonly  used  in  both  poly-Si  and  polycide 
gate  structures  of  metal-oxide-seimconductor  (MOS) 
devices.  In  this  application,  ion  implantation  is  widely 
used  to  introduce  dopants  into  the  poly-Si  film.  How¬ 
ever,  a  high-temperature  furnace  anneahng  to  activate 
the  implanted  atoms  in  the  poly-Si  films  results  in  a 
considerable  redistribution  of  the  dopants  and  the  relia¬ 
bility  problems  of  gate  oxides  [3.4].  Theiefore,  studies  of 
dopant  redistribution  and  grain  growth  of  poly-Si  elec¬ 
trodes  have  been  reported  for  the  proper  design  and 
reliable  performance  of  MOS  devices  [5-7].  Moreover, 
post  annealings  of  poly-Si  gate  also  lead  to  the  pileup  of 
doping  species  at  the  oxide/poly-Si  interface  and  caused 
the  attendant  yield  loss  and  reliability  problems  in 
devices  due  to  the  defect  generation  in  the  gate  oxide 
[8,9]. 

In  this  work,  we  therefore  report  the  effects  of  phos¬ 
phorus  doping  on  the  dielectric  characteristics  of  gate 
oxides.  We  used  phosphorus  implantation  at  various 
energies  to  simulate  the  penetration  depth  of  phos¬ 
phorus  impurities  in  the  poly-Si  film.s. 


Z,  Experimental 

(l(X))-oriented  p-type  silicon  wafers  of  3  in.  diameter 
and  of  resistivity  5-15  cm  were  used  to  fabricate  the 
investigated  MOS  capacitors.  After  standard  RCA  ini¬ 
tial  cleaning  and  HF  dip,  the  wafers  were  oxidized  at 
900  °C  in  dry  O2  ambient  to  obtain  gate  oxides  of 
thicknesses  10.  20,  and  30  nm  and  m-situ  annealed  at 
the  same  temperature  for  30  min  in  N2  ambient.  The 
oxidized  silicon  wafers  were  deposited  with  a  layer  of 
low-pressure  chemical-vapor-deposited  (LPCVD)  poly- 
St  film  of  the  thickness  150,  250,  or  400  nm.  The  poly-Si 
film  was  then  ion-implanted  with  phosphorus  10ns  (P^) 
at  a  dose  of  5  X  10'“'.  2..5  X  lO'^,  or  5  x  lO'^/cm'^  and 
an  energy  of  60,  or  110  keV.  Then,  the  specimen  was 
deposited  with  a  SiO^  capping  layer  using  a  plasma-en¬ 
hanced  chemical  vapor  deposition  (PECVD)  system  and 
subsequently  activated  in  N2  ambient  at  800  °C  for  15 
mm.  MOS  capacitors  of  150  pm  diameter  were  plasma- 
etched  by  a  DRIE  plasma  etcher.  To  lower  the  sheet 
resistances  of  gate  electrodes  and  investigate  the  electri¬ 
cal  reliability  of  thin  oxide  after  high-temperature 
processings,  these  MOS  capacitors  were  all  annealed  in 
Nj  ambient  at  temperatures  ranging  from  800  to 
1000  °C  for  50  min.  N2  gas  was  first  purified  by  titanium 
getter  before  entering  the  annealing  furnace.  The  cap¬ 
ping  oxide  was  then  removed.  Electrical  breakdown 
tests  were  performed  by  using  a  voltage  ramp  technique 

[9]. 
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j.  Results  and  discussion 

Firstly,  the  effects  of  ion-implantation  energy  on  the 
TZDB  field  strength  of  n^  poly-Si  gate  structures  are 
investigated  to  recognize  the  importance  of  phosphorus 
penetration  depth.  Then,  the  influences  of  oxide  thick¬ 
ness  on  the  TZDB  field  of  gate  dielectrics  are  proposed 
to  understand  the  tolerance  of  phosphorus  impurities  in 
the  gate  dielectrics.  The  dependence  of  the  TZDB  field 
on  the  post-annealing  temperature  is  discussed  to  dem¬ 
onstrate  the  effects  of  phosphorus  diffusion.  The  Weibull 
plots  of  gate  dielectrics  are  presented  to  further  il¬ 
lustrate  the  degradation  effects  of  defects  induced  by 
phosphorus  penetration  or  diffusion. 

1.  /.  Effects  of  ion-mplantatwn  energy  on  the  TZDB  field 
strength  of  n^  poly -Si  gate  structures 

The  curves  of  TZDB  field  strength  versus  annealing 
temperature  for  the  n'^  poly-Si/SiOi  (10  nm)/Si  gate 
structures  implanted  with  phosphorus  ions  (P"^)  at  a 
dose  of  5  X  10'’/cm^  and  energies  of  40,  60,  and  110 
keV  are  shown  in  fig.  1.  The  value  (10  nm)  marked  after 
the  SiOi  represents  the  thickness  of  gate  oxide.  The 
f'ild  strength  sharply  decreases  with  increasing  anneal¬ 
ing  temperature  for  the  poly-Si  gates  implanted  with 
ions  at  1 10  keV.  On  the  other  hand,  the  field  maintains 
a  constant  level,  about  15-16  MV/cm.  for  the  speci¬ 
mens  implanted  with  P*  ions  at  40  or  60  keV  and 
subsequently  annealed  at  800,  900.  or  1000°C.  After 
high-temperature  annealing,  the  phospiiorus  atoms  in 
the  poly-Si  films  would  segregate  to  the  poly-Si/SiOi 
interface  and  then  diffuse  into  the  gate  oxide.  Hu  et  al. 
[10,11]  showed  that  the  dielectric  breakdown  process 
could  be  divided  into  two  stages.  High  density  of  hole 


Annealing  Temperature  \’C) 

Fip.  1 .  Curses  of  TZDB  field  strength  versus  annealing  temper¬ 
ature  for  the  n^  poly-Si/SiOi  (10  nm)/Si  .samples  implanted 
with  P  ions  at  a  dose  of  5  X  lO' Vcm^  and  energies  of  40,  60, 
and  110  keV,  respectively. 


Annealing  Temperature 

Fig.  2.  Curves  of  TZDB  field  strength  against  annealing  tem¬ 
perature  for  the  n poly-Si/SiO;  (10  nm)/Si.  n^  poly-Si/Si02 
(20  nm)/Si.  and  n”^  poly-Si/SiO;  (30  nm)/Si  specimens  im¬ 
planted  with  P*  ions  at  5xl0'Vcm‘  and  110  keV,.  corre¬ 
spondingly. 


traps  or  large  hole  capture  cross  section  at  the  local 
spot,  or  lower  effective  barrier  at  zero  time  due  to 
particulate  contamination,  crystalline  defects  or  inter¬ 
face  asperities  in  the  silicon  would  cause  the  “early” 
breakdown.  The  implant  range  and  standard  deviation 
of  the  silicon  implanted  with  P^  ions  at  110  keV  are 
145  and  49  nm.  respectively.  For  the  250-nm-thick 
poly-Si  film,  a  direct  pho.sphorus  penetration  to  the 
bottom  of  the  polysilicon  layer  to  about  1/20  of  the 
peak  concentration  has  been  obtained  for  the  110  keV 
phosphorus  implantation.  Thus,  a  small  fraction  of  the 
total  number  of  ions  penetrates  into  the  oxide.  The 
damage  l^  expected  to  lead  to  oxide  breakdown.  Fur¬ 
thermore.  a  larger  quantity  of  phosphorus  impurities 
diffuses  into  the  gate  oxide  during  the  subsequent  an¬ 
nealing  and  enhances  the  deterioration  of  gate  dielec¬ 
tric  Hence,,  it  is  surmi.sed  that  the  phosphorus  impuri¬ 
ties  penetrating  and  diffusing  into  the  silicon  dioxide 
and  substrate  would  enhance  the  probability  of  elec¬ 
tron-hole  pair  generation  via  impact  ionization  and 
form  the  localized  conduction  column.  As  a  con.se- 
quence.  the  poly-Si  gate  implanted  with  a  higher  energy 
of  phosphorus  ions  will  gain  a  larger  impact  of  phos¬ 
phorus  impurities  and  exhibit  a  worse  TZDB  field. 

3  2  Effects  of  oxide  thickness  on  the  TZDB  field  strength 
of  n*  poly -St  gate  structures 

The  curves  in  fig.  2  illustrate  the  dependence  of 
TZDB  field  on  the  annealing  temperature  for  the  n^ 
poly-Si/SiOj/Si  structures  with  various  thickne.sses  of 
the  gate  oxides.  Implantation  condition  of  P*  ions, 
5  X  lO'^/cm^,  and  110  keV  were  used..  The  breakdown 
field  significantly  decreases  with  increasing  annealing 
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temperature  for  the  10-nm-thick  oxide.  The  field 
strength  of  the  20-nm-thick  oxide  exhibits  a  smaller 
drop  as  the  annealing  temperature  increases.  Further¬ 
more.  the  field  mildly  decreases  with  increasing  anneal¬ 
ing  temperature  for  the  30-nm-thick  oxide.  Obviously, 
thin  oxides  have  a  lower  sustainability  to  the  high-tem- 
perature  annealing.  This  is  predictable  because  thinner 
oxides  have  a  lower  tolerance  of  phosphorus  diffusion 
into  the  interface  between  SiOj  and  Si  substrate. 

3.3.  Effects  of  posi-annealing  temperature  on  the  TZDB 
field  .strength  of  n  poly-Si  gate  structures 


As  can  be  seen  in  figs.  1  and  2,  the  breakdown  field 
significantly  decreases  with  increasing  annealing  tem¬ 
perature  as  the  implantation  energy  is  high  or  the  oxide 
thickness  is  thin.  Previous  reports  [12,13]  showed  that 
phosphorus  impurities  m  the  annealed  specimens  of 
poly-Si/Si02  (10  nm)/Si  and  WSi,/poly-Si/Si02  (10 
nm)/Si  structures  would  diffuse  into  the  SiOj  films. 
Since  the  phosphorus  fraction  diffused  into  the  sub¬ 
strate  could  be  proportional  to  /d7.-  where  D  is  the 
diffusion  coefficient  of  phosphorus  in  S1O2  layer  at  the 
annealing  temperature  and  t  is  the  annealing  time 
[9,14.15],  high  annealing  temperatures  would  enhance 
the  phosphorus  diffusion  into  the  Si02  dielectric  and  Si 
substrate.  Hence,  a  larger  fraction  of  phosphorus  impur¬ 
ities  will  be  implanted  and  diffused  into  the  Si02/Si 
interface  to  deteriorate  the  TZDB  field  01  gate  dielectric 
for  the  higher  implantation  energy  and  higher  annealing 
temperature. 

3.4.  Weihull  plots  of  n*  poly -Si  gate  structures 


Fig.  3  shows  the  Weibull  plots  of  n^  poly-Si/SiOj 
(10  nm)/Si  gates  annealed  at  900°C  for  30  min.  Since 
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Fig  3  Weibull  plots  of  poiy-Si/Si02  (10  nm)/Si  gates 
implanted  with  ions  at  a  dose  of  5  X 10' V^m^  and  energies 
of  40,  60,  and  110  keV,  and  subsequently  annealed  at  900  °C 
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Fig.  4.  Weibull  plots  of  n*  poly-Si  gate  structures  implanted 
with  10ns  at  SxlO'Vcm'  and  110  kcV  and  subsequently 
annealed  at  900  “  C  for  different  oxide  thicknesses 


the  cumulative  distributions  of  specimens  implanted 
with  ions  at  40  and  60  keV  are  concentrated  at 
about  15-16  MV/cm,  they  are  conjectured  to  have  an 
intrinsic  breakdown.  The  distribution  for  110  keV  im¬ 
plantation  is  rather  scattered.  This  is  because  the  phos¬ 
phorus  impunties  have  penetrated  into  the  SiOj/Si 
interface  of  the  poly-Si  gates  implanted  with  10ns  at 
110  keV  and  subsequently  annealed  at  900  °C  for  30 
min.  As  shown  in  fig.  4,  the  oxides  of  thicknesses  20  and 
30  nm  have  steep  gradients  at  the  field  strengths  of  14 
and  11  MV/cm.  re.spectively.  which  just  describes  the 
intrinsic  breakdowns  of  the  oxides.  However,  no  obvi¬ 
ous  concentrated  field  can  be  observed  in  fig.  4  for  the 
10-nm-thick  oxide.  Since  most  of  the  defect-related 
failures  shown  in  the  Weibull  plots  would  disperse  over 
a  large  range  of  field  strength  [9],  the  10-nm-thick  oxide 
should  induce  a  larger  amount  of  defects  which  would 
cause  a  more  .scattered  cumulative  distribution  of  field 
strength  than  the  thicker  oxides.  This  is  because  thicker 
oxides  lessen  the  impact  of  pho.sphorus  diffusion  to  the 
S1O2/S,  interface. 


4.  Conclusions 

As  the  poly-Si  gate  electrodes  are  implanted  with 
phosphorus  ions  (P''')  at  an  energy  of  40  or  60  keV  and 
a  dose  of  5  X  lO'^/cm',-  the  oxides  in  the  n^  poly-Si 
gate  structures  almost  keep  a  constant  level  of  TZDB 
field  strength  even  after  an  anneal  at  1000 '’C.  However, 
the  TZDB  field  strength  of  10-nm-thick  oxides  in  the 
poly-Si  gate  electrodes  implanted  with  P^  10ns  at  110 
keV  and  5  x  lO'Vcni^  strongly  degrades  with  increas¬ 
ingly  annealing  temperature.  In  addition,  the  degrada¬ 
tion  tendency  of  the  TZDB  fields  of  gate  oxides  de¬ 
creases  with  the  increase  of  oxide  thickness.  Hence, 
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phosphorus  diffusion  to  the  SiOj/Si  interface  will  de¬ 
teriorate  the  dielectnc  characteristics  of  n  poly-Si  gate 
structures.  Thicker  gate  oxides  then  have  a  higher  en¬ 
durance  to  the  phosphorus  diffuse-in  effect 
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Investigation  of  backscattering  and  re-implantation  during  ion 
implantation  into  deep  trenches 

M,  Posselt,  E.  Sobeslavsky  and  G.  Otto 

Central  Insliiule  for  Nuclear  Research,  Rossendorf  PF  19.  D(0)-8051  Dresden.  Germany 


Recently,  precise  experimental  investigations  of  backscattering  and  re-implantation  have  been  performed.  In  these  experiments 
“macroscopic”  trench  structures  were  employed.  To  understand  the  back.scattering  and  re-implantation  processes  in  more  detail,  we 
have  developed  a  two-dimensional  simulation  model.  Backscattering  is  descnbed  by  TRIM  Monte  Carlo  simulations  whereas 
analytical  approximations  are  used  for  re-implantation.  The  re-implantation  profiles  calculated  by  our  simulation  model  are  in  good 
agreement  with  the  experimental  data  from  the  literature 


1.  Introduction 

Narrow-  and  deep-trench  capacitor  technology  is 
often  favoured  to  increase  the  packing  denstly  of  VLSI 
DRAM  cells.  In  several  applications  doping  of  the 
trench  sidewalls  is  required.  Ion  implantation  is  an 
attractive  method  to  dope  a  trench  with  a  high  aspect 
ratio.  Since  the  ions  are  implanted  with  a  .shallow  angle 
to  the  sidewall  surface,  some  specific  phenomena  occur. 
A  considerable  number  of  the  incident  particles  are 
backscattered  and  may  be  re-implanted  into  the  oppo¬ 
site  sidewalls  of  the  trench.  The  enhanced  sputtering 
yield  can  cause  modifications  of  the  trench  surfaces  if 
the  implantation  doses  are  .sufficiently  high  Experimen¬ 
tal  investigations  of  backscattering  and  re-implantation 
in  real  trench  structures  are  very  difficult  because  of 
their  miniature  sizes.  Therefore,  these  processes  were 
studied  quantitatively  using  “macroscopic”  structures. 
The  crucial  experiments  were  performed  by  Fuse  et  al. 
[1]  and  Kakoschke  et  al.  [2,3].  In  fig.  1  the  experimental 
setup  of  Fuse  et  al  [1]  is  shown  schematically.  Two 
silicon  slices  were  arranged  so  as  to  face  each  other;  one 
slice  served  as  a  reflector  and  the  other  as  a  collector 
The  chosen  values  for  dg,.  Eg  and  Dg  were  characteristic 
for  a  real  trench  implantation.  At  certain  points 
and  of  the  collector  surface  the  depth  profiles  of 
re-implantation  were  determined  by  SIMS.  A  similar 
experimental  arrangement  was  used  by  Kakoschke  et  al. 
[2,3],  In  contrast  to  the  experiments  of  Fuse  et  al.  [1]  the 
silicon  slices  were  mounted  at  an  angle  of  90° 

To  get  a  better  understanding  of  backscattering  and 
re-implantation  proces.ses  in  the  present  work,  a  simula¬ 
tion  model  IS  developed  (section  2).  In  particular  we 
consider  the  special  two-dimensional  arrangement  of 
Fuse  et  al.  [1],  Our  procedure  consists  of  two  parts.  In  a 
first  step  the  energy  and  angular  distribution  of  back- 


scattered  particles  is  calculated  by  TRIM  Monte  Carlo 
simulations  [4],  Then  a  fast  algorithm  to  determine  the 
two-dimensional  profiles  of  re-implantation  is  applied. 
Here  we  employ  analytical  models  instead  of  time-con¬ 
suming  Monte  Carlo  simulations.  Our  method  of  simu¬ 
lation  is  relatively  similar  to  that  of  Saler  et  al  [5]  which 


incident  beam 
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Fig  1  Experimental  setup  of  Fuse  et  al.  [1]  Two  silicon  slices 
are  mounted  facing  each  other  One  slice  serves  as  a  reflector,, 
the  other  as  a  collector  At  the  points  Y^.  and  F  the  depth 
profiles  of  re-implantation  were  measured  by  SIMS 
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was  employed  to  calculate  isoconcentration  lines  in  real 
trenches.  In  section  3  of  the  present  work  the  profiles  of 
re-implantation  calculated  by  our  simulation  model  are 
compared  with  the  experimental  data  of  Fuse  et  al.  (1). 


2.  Simulation  model 

2  !  Description  of  hackscattering 

We  consider  a  two-dimensional  geometry  with  a  line 
source  of  incident  ions  at  the  target  surface.  This  is 
illustrated  in  fig.  2a.  The  line  source  is  in  the  z-direc- 
tion.  For  a  given  incidence  angle  0^  (0  fln  S 11/2)  and 
implantation  energy  the  energy  and  directional  dis¬ 
tribution  of  the  reflected  ions  depends  on  two  variables' 
(i)  the  energy  E  of  the  particles  and  (ii)  the  direction  of 
motion  characterized  by  the  angle  (0<4'Sit).  It 
should  be  noted  that  the  angle  i//  is  a  polar  angle  in  the 


incident 


.v-v  plane.  In  our  TRIM  Monte  Carlo  simulations  the 
direction  of  motion  of  the  particles  is  characterized  by 
three  direction  cosines.  The  projection  of  this  direction 
on  the  x-y  plane  gives  the  value  of  the  polar  angle 
During  the  Monte  Carlo  simulation  we  count  the  num¬ 
ber  dTafSo,.  ^o)  of  backscattered  ions  per  incident  par¬ 
ticle: 

dTetfo,  Oo)  =  Vb(£o.'  »o.'  'I')  dE  (1) 

where  y^iEg,-  6^^,  E,-  is  the  energy  and  angular  distri¬ 
bution  of  the  reflected  ions  or  the  differential  back- 
scattering  yield.  The  total  backscattenng  yield 
Y^(Ef^,  6q)  is  obtained  from  eq.  (1)  by  integration.  We 
studied  grazing  incidence  implantation  of  As^  into  Si 
for  implantation  energies  of  80.  115  and  150  keV  and 
incidence  angles  of  4°.,.  6°..  8°  and  10°  to  the  target 
surface  [6].  About  5000  particle  histones  were  simu¬ 
lated.  The  values  obtained  for  the  backscattering  yield 
are  given  in  table  1  In  the  ca.se  of  grazing  incidence 
implantation  Y^(E„.  8g)  strongly  depends- on  the  inci¬ 
dence  angle.  For  ^,,=  8°  about  25%  of  the  incoming 
ions  are  reflected.  The  backscattering  yields  of  table  1 
are  nearly  independent  of  the  implantation  energy  Fig. 
2b  shows  the  energy  and  angular  distribution 
ipfi'i)'  ^0-  E.~  \l>)  of  the  reflected  particles  for  150  keV 
As  implantation  and  S,)  =  8°.  The  figure  demonstrates 
that  forward  scattering  dominates  In  the  region  3it/8 
only  a  few  particles  with  £'<0.15£()  were 
found  by  the  TRIM  simulations.  Therefore,  this  part  of 
the  histogram  is  not  shown  in  the  figure. 

2  2  Simulation  of  re-implantation 


Fig  2.  (a)  Two-dimensional  geometrv  used  in  the  calculation 
of  the  energy  and  angular  distribution  of  the  backscattered 
particles,  (b)  Energy  and  angular  distribution  [10"'  keV”' 
rad  ']  of  backscattered  ions  (TRIM  histogram).  As*-* Si 
(E„  =  150  keV,  «„“8°). 


We  consider  the  geometrical  arrangement  of  fig.  1 
The  whole  two-dimensional  profile  of  re-implantation 
//(</.  A  I’o..  y)  in  the  collector  is  obtained  by  simple 
geometrical  considerations. 

H(d,  \  V(,,-  .V,-  v) 


^.I'o  ■'() 


dv;;/'"d£r 

•'ll  ■'ll 


2  i-artian(  Vu/t/) 


di|/ 


XC7(-V,.  f  -  vj  -  d  cot  if.-  £..  i  ). 


(2) 


Table  1 

Reflection  coefficients 


[keV] 

So  [deg] 

4 

6 

8 

10 

80 

0.503 

0  431 

0  363 

0  304 

115 

0.509 

0  422 

0  349 

0  284 

150 

0.496 

0  415 

0  362 

0.290 
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The  meaning  of  the  vanables  is  illustrated  in  figs.  1  and  particles  incident  on  the  collector  surface  at  y  =  + 

2a.  G(x,  y  - Pq  -  d  cot  E,  4i)  is  the  two-dimen-  d  cot  ip  with  an  energy  E  and  an  angle  \p  to  the 

sional  profile  of  re-implantation  of  a  line  source  of  collector  surface.  In  a  relatively  rough  approximation 


X  (nml 


Fig  3.  (a)  Effective  dose  of  re-implantation  (As'^ )  (shown  as  a  surface  concentration)  versus  the  coordinate  Y.  (b,  c)  Depth  profiles  of 
re-implantat.on  (As"^ )  at  points  Y„  Fb  ^nd  at  the  collector  surface 
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we  assume  G(a,-  V  -  J'q  -  d  cot  ip,  E,  to  be  propor¬ 
tional  to  the  product  of  a  Gaussian  depth  profile 
F{x,  Ef  ip)  and  a  Gaussian  lateral  distribution  fi,(  v  - 
yg-dcot  ip.  E,  Ip): 

E(x.  E,ip) 

1 


[2h(A/?p(£')  sin^t^  +  A/!pL(£)  cos^)] 


1/2 


X  exp 


-(■t-£p(£)  sin  ipf 
2[a£^(  £)  sin>  -f  A£'pl(£)cosV)] 


(3) 


^l(  V  ~.''o  ~  d  cot  E,  \p) 
1 


[2^{A£=p(£)  cos',p  + A£'pl(£)  sinV)’/'"' 

■(>  -  .V'o'-'/  cot  ip-  £p(£;  cos  i//)^  \ 


X  exp 


2[a/{‘p(£)  cos-iP  4-  A/?2pL(£)  sm' 


:mip)  \ 

sin^vT[  I  ■ 


(4) 


where  £p(£),  A/?p(£)  and  A^p^ff)  are  the  range 
parameters  for  normally  incident  ions  with  energy  £. 
These  parameters  are  given  in  'he  well-known  tables  of 
Gibbons,  Burenkov  (7,8)  and  other  authors  A  fraction 
of  the  particles  incident  on  the  collector  surface  are 
backscattered.  In  the  Gaussian  approximation  discussed 
above  the  backscattenng  yield  of  particles  with  energy 
£  and  incidence  angle  ip  is  given  by  [9] 


yB(£-iP) 

=  \  1  -erf|{£p(£)  sin  ip} 

x|[A/f^p(£)  sin^t^  +  A£-pL(£)  cos^]"^}  j  . 

(5) 


Then  we  obtain 

G(x,-  y-}o  -  d  cot  ipi  E,  Ip) 

F{x,-  E,  iP)FL{y  -  1,;  -  d  cot  iP,  E.  iP) 
(l-ys(E\.ip))  • 

Re-implantation  in  the  collector  as  a  result  of  multiple 
reflection  processes  between  reflector  and  collector  can 
be  neglected.  Inserting  eq.  (6)  into  eq.  (2),  the  whole 
profile  of  re-implantation  N(d,  Ay^.  x,  y)  is  calculated 
by  numerical  integration  using  the  energy  and  angular 
distributions  y^(En,  Og,- E,,ip)  obtained  from  Monte 
Carlo  simulations. 


3.  Comparison  with  experimental  data 

Fig.  3a  shows  the  effective  dose  of  re-implantation  as 
a  function  of  the  coordinate  v  at  the  collector  surface 
(cf.  fig.  1).  The  depth  profiles  of  re-implantation  at  the 
points  Fa'  3'b  and  are  shown  in  figs.  3b  and  3c.  The 
values  of  the  parameters  £„,  Og,-  d,  A  vo-  !•  F,,-  Fb  and 
F^  are  given  in  the  figures.  The  doses  Dg  are  chosen 
such  that  the  incident  ion  beam  intensities  per  unit 
surface  area  of  the  reflector  are  always  equal  to  1.4  x 
10“*  cm  [1],  For  this  low  dose  the  sputtering  effect  is 
unimportant.  In  all  examples  the  agreement  between  the 
simulated  profiles  and  SIMS  data  of  Fuse  et  al.  [1]  is 
good.  Therefore,  we  can  conclude  that  the  approxima¬ 
tion  of  .section  2.2,  concerning  the  two-dimensional 
profile  of  re-implantation  G(x.  y  -yj  d  cot  ip,  £,.  ip). 
was  justified. 


4.  Conclusions 

Using  a  special  simulation  model  we  are  able  to 
reproduce  the  results  of  expenmental  investigations  of 
backscattenng  and  re-implantation  performed  by  Fuse 
et  al.  [1].  The  procedure  can  also  be  applied  to  other 
geometrical  arrangements,  e.g.  to  the  experimental  setup 
of  Kakoschke  et  al.  [2.3j.  In  our  laboratory  further 
experimental  and  theoretical  studies  are  in  progress. 
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The  gettering  efficiency  of  silicon  implanted  with  carbon  at  a  dose  of  1  x  lO''’  cm'  “  and  energies  in  the  range  of  0  33-10  MeV 
was  te.ted  by  earner  lifetime  measurements  After  an  intentional  conianunation  of  the  sample  back  side  with  gold  as  a  lifetime  killer, 
on  the  front  side  we  found  values  for  the  generation  lifetime  of  the  minority  carriers  in  the  range  of  27-78  gs  and  144-569  gs  for  the 
2  4  MeV  and  10  MeV  implantation,  respectively  These  values  are  higher  by  1-2  orders  of  magnitude  as  compared  to  unimplanted 
silicon  Furthermore,  an  anomalous  doping  effect  of  carbon  was  found  which  depends  on  the  annealing  method  (furnace,  RTA).  The 
microstructure  of  the  carbon-implanted  layer  was  investigated  by  electron  microscopy  of  cross-sectional  samples  showing  dislocation 
loops  which  surround  the  stacking  faults.  These  defects  are  located  within  a  band  of  very  small  precipitates. 


1.  Introduction 

The  use  of  ton  implantation  to  modify  the  dopant 
distribution  in  single  crystalline  silicon  and  other  semi¬ 
conductors  IS  widely  accepted  in  the  semiconductor 
industry.  The  implantation  of  nondopant  elements  has 
also  been  paid  much  attention  over  the  last  years. 
Especially,  the  formation  of  silicon-on-insulator  struc¬ 
tures  by  ion  beam  synthesis  and  the  introduction  of 
damaged  regions  to  perform  gettenng  are  topics  of  this 
kin  [1-3]. 

Besides  high-dose  implantation  and  the  use  of  non¬ 
dopant  elements,  a  lot  of  research  effort  has  been  de¬ 
voted  to  the  use  of  high  implantation  energies  above 
200  keV  up  to  several  MeV  to  produce  matenals  with 
better  and/or  new  properties.  An  interesting  new  tech¬ 
nique  to  produce  a  region  in  a  silicon  wafer,,  which  is 
able  to  getter  metallic  impurities  very  near  to  the  active 
device  region,  was  proposed  by  Wong  et  al.  [4],  High- 
energy  implantation  of  oxygen  or  carbon  with  an  energy 
of  up  to  4  MeV  and  a  dose  in  the  range  of  lO'*  cm“‘ 
was  used  to  create  a  buried  damaged  region  with  re¬ 
markable  gettenng  efficiency  of  additionally  introduced 
gold.  Wong  et  al.  called  this  process  “proximity  getter¬ 
ing”.  Up  to  now,  this  effect  was  only  proved  by  means 
of  measuring  the  atomic  profile  by  secondary  ion  mass 
spectroscopy  (SIMS). 


In  this  paper.,  we  present  for  the  first  time  a  test  of 
the  gettenng  efficiency  by  measurement  of  the  carrier 
lifetime.  Carbon  implantation  was  used  to  produce  the 
damage  region  because  this  type  of  MeV-implantation 
was  found  to  be  more  effective  in  gettering  [4].  Further¬ 
more.  analysis  of  the  implanted  samples  was  performed 
by  SIMS,  SRP  (spreading  resistance  profiling),  XTEM 
(transmission  electron  microscopy  at  cross-sectional 
samples)  and  DLTS  (deep  level  transient  spectroscopy) 
to  get  more  detailed  knowledge  on  the  doping  be¬ 
haviour  and  the  microstructure. 


2.  Experimental 

Silicon  wafers  ((100),  n-type,  3-5  il  cm,  2  in.  diame¬ 
ter)  from  a  Czochralski-grown  crystal  were  annealed  at 
llOO'C  for  4  h  in  dry  nitrogen  to  create  a  surface 
region  of  4  pm  denuded  in  oxygen.  A  silicon  dioxide 
layer  was  grown  at  10(X)°C  in  dry  oxygen  up  to  a 
thickness  of  100  iiiii.  After  thinning  the  oxide  on  the 
lapped  back  side  of  'he  sample  to  a  thickness  of  30  nm 
by  chemical  etching,  gold  was  implanted  into  the  back 
side  with  an  energy  of  330  keV  and  a  dose  of  1  X  10'^ 
cm'^.  In  this  manner  gold  was  used  as  a  lifetime  killer 
to  illustrate  the  gettering  effect  of  the  carbon-implanted 
layer. 
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Then,  carbon  was  implanted  at  energies  of  0.33,  2.4 
and  10  MeV  and  a  dose  of  1  X  10'*  cm'*  at  room 
temperature.  The  implantation  at  0.33  MeV  was  per¬ 
formed  by  a  conventional  implanter.  For  the  implanta¬ 
tion  at  the  higher  energies  the  Rossendorf  tandem  accel¬ 
erator  was  used.  Only  the  central  2x2  cm^  (0.33  MeV) 
or  2  X  3  cm^  (2.4  and  10  MeV)  part  of  the  wafers  was 
implanted  allowing  the  investigation  of  gettered  and 
ungettered  materials  with  the  same  wafer.  After  implan¬ 
tation,  the  wafers  were  diced  into  four  parts  to  perform 
different  types  of  post-implantation  annealing  (FA  - 
furnace  annealing;  RTA  -  rapid  thermal  annealing): 
FA:  1000°C,  1  h,  dry  nitrogen; 

RTAl:  llOO^C,  30  s,  dry  nitrogen; 

RTA2:  1250  “C,  30  s,  dry  nitrogen; 

RTA3-  1350°C,-  30  s,  dry  nitrogen. 

1  hen,  the  gate  oxide  layer  on  the  front  side  was  thinned 
to  about  70  nm  by  chemical  etching  to  remove  organic 
contaminants  and  other  impurities  introduced  during 
vacuum  proces-cmg.  Aluminium  contacts  were  produced 
on  the  front  side  by  photolithography  (0.5  mm  dots) 
and  on  the  back  side  (full  area).  Subsequently,  the 
contacts  were  annealed  at  450 “C  for  30  min  in  dry 
nitrogen  Capacitance-voltage  (C-K)  and  capacitance- 
lime  (C-r)  measurements  were  used  to  evaluate  the 
doping  density  and  the  generation  lifetime  of  the  minor¬ 
ity  carriers,  respectively.  The  lifetime  values  evaluated 
from  the  Zerbst  plot  are  given  for  a  depth  region  of 
1  0-1.5  nm. 

After  removing  the  contacts  and  the  gate  oxide, 
several  methods  were  applied  to  evaluate  further  prop¬ 
erties  of  the  samples  by  SRP,  SIMS,  XTEM  and  DLTS 
With  the  last  method  Schottky  diodes  were  used 

3.  Results  and  discussion 

3.1.  Doping  behaviour  and  atomic  profile 

To  our  knowledge,  only  a  few  papers  exist  on  the 
investigation  of  carbon-implanted  silicon  with  doses  up 
to  10‘*cm“^  and  they  are  mostly  from  the  early  days  of 
ion  implantation  [5],  Especially,  the  influence  of  carbon 
on  the  doping  uehaviour  of  silicon  was  not  a  matter  of 
interest  over  tne  last  20  years  of  research  in  ion  implan¬ 
tation.  So,  it  was  somewhat  surprising  to  see  the  carrier 
concentration  profiles  of  our  samples  as  measured  by 
SRP.  In  fig.  1,  such  profiles  are  shown  for  the  case  of 
2.4  MeV  implantation.  For  furnace  annealing  (FA),  a 
distinct  increase  of  the  donor  concentration  in  the  depth 
region  of  about  1.5-3. 2  pm  is  observed.  The  profile  has 
a  double  peak  with  maxima  at  2.1  and  2.7  pm  and  a 
maximum  concentration  of  about  1  X  10'*cm'^,,  about 
four  times  the  background  donor  concentration  of  the 
wafer,  2.4  X  10’^  cm ' 

The  application  of  rapid  thermal  annealing  (RTAl- 
RTA3)  resulted  in  a  completely  different  characteristic. 


Fig  1.  Carrier  concentration  profiles  from  spreading  resistance 
measurements  after  2.4  MeV  carbon  implantation  into  silicon 
with  a  do.se  of  IxlO’*  cm  ■  and  after  different  annealing 
treatments 

It  IS  vi.sible  in  fig.  1  that,  coming  from  the  surface,  the 
profile  IS  characterized  by  a  deep  dip  pointing  to  an 
acceptor-like  effect  of  carbon.  This  dip  is  immediately 
joined  to  a  peak  with  a  maximum  carrier  concentration 
only  slightly  higher  than  that  of  the  wafer,  and  not  so 
high  as  in  the  case  of  furnace  annealing.  The  cau.se  for 
this  strange  doping  behaviour,  especially  for  RTA,  could 
also  be  related  to  defect-related  doping.  For  the  other 
implantation  energies  of  0,33  and  10  MeV,  the  shape  of 
the  profiles  is  comparable  to  the  case  of  2  4  MeV,  also 
showing  the  difference  between  FA  and  RTA. 

For  the  case  of  0.33  MeV,  the  evaluation  of  the 
integral  dopant  density  is  also  possible  using  the  C-V 
measurements  and  gave  salues  of  about  1  x  10‘*  cm'* 
for  all  annealing  variants  (table  !).  This  confirms  the 
results  of  SRP. 

For  the  implantation  energies  of  0.33  and  2.4  MeV, 
we  have  performed  SIMS  measurements.  In  this  paper, 
only  the  results  for  the  higher  energy  will  be  discussed, 
because  the  carrier  lifetime  increase  was  only  found  for 
this  energy  (see  section  3.3).  In  fig.  2.  the  profiles  for 
carbon  and  gold  are  shown.  Phosphorus  was  also  mea¬ 
sured  but  did  not  show  any  deviation  from  the  back¬ 
ground..  The  carbon  profile  shows  a  typical  Gaussian 
shape  (no  double  peak!)  for  the  two  cases  of  annealing. 
In  both  cases  the  range  of  the  ions  is  2.65  gm,  compara¬ 
ble  to  the  depth  of  the  deeper  lying  peak  of  the  earner 
concentration  profile  (2.7  gm)  after  furnace  annealing 
(fig.  1).  No  theoretical  range  data  are  available  for 
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Fig.  2  SIMS  profiles  after  2  4  MeV  carbon  implantation  into 
silicon  with  a  dose  of  1  x  lO"’  cm'"  and  after  different  anneal¬ 
ing  treatments 


carbon  implantation  in  this  energy  range.  The  upper 
peak  of  the  carrier  concentration  profile  of  the  furnace- 
annealed  sample  lying  at  78%  of  the  depth  of  the  deeper 
peak  could  be  related  to  the  maximum  of  energy  deposi¬ 
tion  into  nuclear  processes.  The  position  of  0.8/?  p  is 
well  documented  for  energies  in  the  keV-range.  A  more 
detailed  paper  concerning  the  carbon  profiles  and  their 
modeling  will  be  published  in  future. 

The  gold  profile  shows  an  accumulation  effect  in  the 
region  of  the  carbon  maximum  only  for  the  case  of 
furnace  annealing  (fig.  2a)  corresponding  to  the  results 
of  Wong  et  al.  [4).  For  RTA  no  such  accumulation 
pointing  to  the  gettenng  of  gold  is  detected  (fig.  2b). 

3.2.  Microstructure 

In  fig.  3.  several  XTEM  micrographs  of  the  carbon- 
implanted  silicon  samples  are  shown.  Generally,  a 
damage  band  was  seen  for  the  three  implantation  en¬ 
ergies,  but  with  different  appearances.  The  depth  of  the 
defect  band  is  given  in  table  1.  The  best  preparation 
and  microscope  work  was  possible  for  the  samples  with 
the  lowest  energy  of  0.33  MeV,  For  all  cases  of  anneal¬ 
ing,  a  band  of  loops  containing  stacking  faults  is  visible 
lying  in  all  cases  within  a  background  of  very  small 
precipitates  (e.g.  fig.  3a).  The  defect  band  is  located  at  a 
depth  of  about  600  -900  nm  with  the  centre  at  750  nm. 
The  loop  diameter  varies  between  220  and  4(X)  nm. 


Table  1 

Expenmental  data  evaluated  on  silicon  implanted  with  MeV  carbon  ions  at  a  dose  of  1  X  10‘*  cm'  ^ 


p 

‘-•impl 

(MeV) 

Anneal 

step 

lum) 

l/im] 

^t) 

(lO'^cm-'l 

^DL.A„  |cm" 

’) 

’gen  ll*Sl 

unimpl. 

impl. 

unimpl 

impl. 

0.33 

FA 

0  75 

0.53 

1.13 

2  4X10'^ 

<io" 

30 

0  6-  1 

RTAl 

0  75 

- 

0  94 

- 

- 

1  2 

01 

RTA2 

0  75 

0  56 

1.00 

- 

- 

6.3 

41 

RTA3 

0  75 

0.62 

1.10 

- 

- 

10.6 

7.3-  13.7 

2.4 

FA 

3.00 

2  65 

0.90 

4  XlO'^ 

<io" 

0.3-  3  1 

27  -  47 

RTA2 

3.00 

2.65 

0.26 

- 

- 

0.8-13 

33  -  78 

10.0 

FA 

11.0 

- 

1.64 

2  xlO'^ 

<io" 

1.1-  28 

245  -342 

RTAl 

11.0 

- 

0  61 

- 

- 

1.5-  2  3 

144  -239 

RTA2 

11.0 

- 

0.59 

- 

- 

4.9-24 1 

264  -543 

RTA3 

no 

- 

0.47 

- 

- 

16.9-19  5 

292  -569 

^impi  “  implantation  energy;  FA  -  furnace  annealing  (1000°C,  1  h,  Nj); 

RTA  -  rapid  thermal  annealing  (1-1 100° C,  30  s;  2-1250''C,  30  s,  a-nSO^C,  30  s), 

/?  db  depth  of  the  damage  band  assessed  from  XTEM  micrographs, 

/tp  ~  range  data  from  SIMS  measurements; 

-  maximum  donor  concentration  (integral  value  from  C-V  measurements  for  0.33  MeV,  maximum  carrier  concentration 
from  SRP  data  for  2.4  and  10  MeV); 

Vql.au  -  concentration  of  the  gold-induced  deep  levels  (DLTS); 

’■gen  -  genifation  lifetime  of  the  minority  earners. 
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Fig,  3.  TEM  micrographs  of  cross-secUonat  samples  after  carbon  implantation  into  silicon  and  annealing:  (a)  0.33  MeV,.  nSC’C,  30 
s,  (b)  2  4  MeV,  1000 °C,  1  h;  (c)  10  MeV,  1250 "C,  30  s,  (d)  0  33  MeV.  IIOO'C,  30  s  The  implanted  dose  is  generally  1  x  lO'"  cm 

The  weakly  visible  defect  band  in  (c)  is  marked  by  D 


mostly  300  nm.  It  is  worth  mentiorting  that  the  loops 
are  not  of  ideal  circular  shape,  but  have  a  rough  border 
line  pointing  to  a  decoration  with  impurities.  This  is 
visible  in  fig.  3d  for  the  case  of  furnace  annealing.  Only 
for  the  case  of  RTA3,  the  highest  annealing  tempera¬ 
ture,  the  loops  were  not  so  rough  as  in  the  case  of  the 
other  annealing  variants  (fig.  3a).  On  the  contrary,  the 
background  band  of  small  precipitates  was  more  clearly 
visible  than  in  the  other  cases.  This  could  be  caused  by 
a  dissolution  of  the  decorated  loops  into  small  precipi¬ 
tates. 

Dark  field  imaging  showed  that  the  dislocation  con¬ 
trast  of  the  loops  is  very  weak.  Assuming  that  the 
decoration  of  the  loops  (see  above)  is  first  of  all  due  to 


precipitated  carbon,  the  .veak  contrast  could  be  caused 
by  carbon  well  matched  into  the  dislocation  as  well  as 
the  planes  of  the  stacking  fault.  In  this  manner,  carbon 
reduces  the  lattice  stress  around  the  dislocation  due  to 
its  low  covalent  radius. 

For  the  case  of  2.4  MeV  implantation,  the  type  of 
formed  defects  is  the  same  one.  The  defect  region  is 
located  at  a  depth  of  3  m  m  ffig  3b)  This  value  is  higher 
by  10%  than  the  depth  of  the  deeper  lying  peak  of  the 
SRP  data  (fig.  1)  as  well  as  the  carbon  maximum 
measured  by  SIMS  (fig.  2)  for  the  case  of  furnace 
annealing.  This  underlines  a  correspondence  of  the  de¬ 
fect  band  with  the  maximum  of  the  carbon  concentra¬ 
tion.  The  loop  diameter  is  about  0.2-0.3  pm,  again. 
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Fig  4  Graphic  overview  showing  the  generation  lifetime  of  the  minority  carriers  in  silicon  after  carbon  implantation  at  an  energy  in 
the  range  of  0.33-10  MeV  and  annealing  (for  further  details,  see  text)  The  wafers  were  only  partly  implanted  to  enable  a 
measurement  of  the  carrier  lifetime  on  both  the  implanted  (“impl.")  and  the  unimplanted  (“bulk")  part  of  the  samples. 


After  the  10  MeV  impiantatton,  only  a  weakly  appear¬ 
ing  band  with  darker  contrast  lying  parallel  to  the 
surface  is  visible  (fig.  3c).  It  is  located  at  a  depth  of 
about  11  pm  with  a  width  of  about  0.3  pm.  It  could  not 
be  better  resolved  using  higher  magnification  imaging. 

.1.1  Carrier  lifetime  and  gettenng 

In  fig.  4,  a  graphic  overview  of  the  measured  genera¬ 
tion  lifetime  values  is  represented.  The  exact  data  are 
given  in  table  1.  Generally,  a  distinct  increase  in  lifetime 
was  found  on  the  implanted  parts  of  the  wafers  for  the 
implantation  energies  of  2.4  and  10  MeV.  For  FA  and 
RTAl,  the  lifetime  values  are  about  two  orders  of 
magnitude  higher  using  the  10  MeV  implantation.  In 
the  other  cases,  the  increase  was  at  least  one  order  of 
magnitude.  The  absolute  lifetime  values  are  highest  for 
the  10  MeV  implantation  independently  of  the  anneal¬ 
ing  method.  Whereas  these  values  are  generally  higher 
than  150  ps,  silicon  implanted  at  an  energy  of  2.4  MeV 
shows  values  in  the  range  of  20-80  ps.  In  all  these  cases 
the  unimplanted  material  is  characterized  by  a  carrier 
lifetime  in  the  0.3-20  ps  region.  It  is  worth  noting  that 
carbon  implantation  does  not  only  increase  the  carrier 
lifetime  very  distinctly  but  also  equalizes  the  values 
within  one  order  of  magnitude  as  compared  with  the 
scattenng  of  the  data  from  the  unimplanted  material. 
They  vary  within  two  orders  of  magnitude.  For  the  0.33 
MeV  implantation,  no  lifetime  increase  was  found  on 
the  implanted  region.  This  is  due  to  the  fact  that  the 
carbon-implanted  region  is  immediately  next  to  the 
space  charge  region  which  was  used  to  inspect  the 
semiconductor.  For  unimplanted  silicon,  the  inspected 
volume  during  the  carrier  lifetime  measurement  is  de¬ 
fined  in  a  depth  region  of  1-2  pm.  On  the  implanted 
part,  the  space  charge  region  can  be  driven  up  to  a 
depth  of  0.5-0.6  pm  due  to  the  carbon-induced  donor 
concentration  of  about  1  X  10’*  cm"^  in  this  region. 


The  residual  defects  in  the  implanted  region  lead  to 
high  generation  currents  and  small  lifetime  values. 

Whereas  the  carrier  lifetime  is  an  indirect  measure  of 
the  geltering  ability  of  the  carbon-implanted  layer,  the 
measurement  ot  deep  levels  typical  for  gold  (£  =  0.54 
eV)  at  the  surface  of  the  wafer  directly  delivers  this 
property.  We  found,  for  the  furnace-annealed  samples, 
the  level  typical  for  gold  on  a  substitutional  position,  at 
the  surface  of  the  unimplanted  part  of  the  wafer  with 
the  concentration  given  in  table  1.  On  the  implanted 
part,  the  concentration  must  be  in  a  range  lower  than 
1  X  lO"  cm"  \  which  is  the  detection  limit  of  our  sys¬ 
tem.  Although  the  carrier  lifetime  increase  is  the  same 
on  the  samples  annealed  by  furnace  and  by  RTA,  no 
gold  levels  were  found  at  the  unimplanted  and  im¬ 
planted  parts  of  the  surface  of  these  samples.  This  lesult 
confirms  the  SIMS  data  for  the  case  of  2.4  MeV  implan¬ 
tation  which  also  did  not  show  any  gold  accumulation 
at  the  implanted  carbon  for  the  case  of  RTA  (see  fig.  2). 


4.  Conclusions 

(1)  Carbon  implanted  into  silicon  at  MeV-energies 
and  a  dose  of  1  x  lO’*  cm"^  induces  a  distinct  gettering 
effect  as  tested  for  intentionally  introduced  gold  by 
measurement  of  the  generation  lifetime  of  the  minonty 
carriers  as  well  as  deep  levels  typical  for  gold.  The  data 
show  a  lifetime  increase  higher  by  1-2  orders  of  magni¬ 
tude  compared  to  unimplanted  silicon  for  all  types  of 
annealing.  Further  work  is  necessary  to  clarify  the  con¬ 
tradiction  between  the  observation  of  the  lifetime  in¬ 
crease  for  RTA,  but  no  indication  of  gold  accumulation 
using  SIMS  and  DLTS.  Besides  gold,  the  gettenng 
efficiency  of  such  a  carbon  implanted  layer  should  also 
be  tested  for  the  transition  metals  (Fe,  Co,  Ni,  etc.) 
playing  an  important  role  as  unwanted  impunties  both 
in  starting  silicon  wafers  and  during  their  processing. 
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(2)  Silicon  implanted  with  carbon  at  a  dose  rvf  i  x 
lO'*  cm  ^  shows  an  anomalous  doping  behaviour. 
Whereas  furnace  annealing  at  1000  °C  leads  to  the 
formation  of  donors,  rapid  thermal  annealing  forms 
both  acceptor-like  and  donor-like  doping  effects.  These 
findings  need  more  research  work  because  such  doping 
effects  can  change  the  functioning  of  electronic  devices 
produced  above  carbon-implanted  layers. 

(3)  It  was  shown  that  the  type  of  carbon  implanta¬ 
tion  investigated  in  this  paper  induces,  after  annealing 
(furnace,  RTA),  the  formation  of  a  buried  defect  layer 
consisting  of  both  small  precipitates  and  dislocation 
loops  containing  stacking  faults. 
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When  ion  implantation  was  first  introduced  for  semiconductor  processing,  implanter  specifications  ot  2%  wafer  uniformity  and 
2"?  wafer-to-wafer  repeatability  were  actually  better  than  the  precision  of  the  measurement  equipment  and  techniques  available,  In 
the  past  ten  years,  the  performance  of  both  the  ion  implanter  and  its  requisite  process  monitonng  equipment  has  greatly  improved  In 
addition,  techniques  using  modem  technology  and  software  have  been  introduced.  Six  characterization  methods  are  currently 
available  for  monitoring  ion  implant  uniformity  sheet  resistance,  spreading  resistance,  pulsed  capacitance-voltage  (C-P),  mod- 
ulated-optical  reflectance,  optical  constant  monitoring  using  ellipsometrv,,  and  optical  densitometry  Sheet  resistance,  spreading 
resustance  and  pulsed  C- P  are  direct  electrical  measurements  of  the  active  dopant  atoms  in  the  implanted  wafer  The  other  three 
techniques  monitor  dose  by  measuring  the  damage  induced  bv  the  ion  beam;  modulated-optical  leflectance  and  optical  constant 
monitoring  measure  the  damage  in  an  implanted  wafer,  whcieas  optical  densitometry  measures  the  damage  in  a  photoresist  coating 
on  a  glass  substrate  This  paper  will  review  each  o^  these  methods  and  discuss  their  relative  merits  It  will  be  clear  from  this 
presentation  that  wise  process  engineers  should  use  more  than  one  of  these  methcids  to  charactenze  ion  impl-mt  equipment  as  well  as 
monitor  the  ion  implantation  process 


1.  Introduction 

Ion  implantation  offers  many  unique  advantages  in 
semvonducior  manufacturing.  While  it  makes  possible 
I'.ie  controlled  low  doping  levels  necessary  for  new 
higii-density  ULSI  devices,  ion  implantation  also  pro¬ 
vides  the  important  prix;ess  advantages  of  repeatability 
and  uniformity  When  the  first  commercial  implanters 
were  introduced,  the  manufacturers'  specifications  of 
2^  for  both  uniformity  and  repeatability  exceeded  the 
capability  of  any  available  measurement  technique  It 
was  eventually  learned  that  the.se  specifications  were 
actually  based  on  optimistic  vendor  calculations.  At 
that  time,  the  four-point  probe  sheet-resistance  mea¬ 
surement  had  a  precision  or  repeatability  of  about  5% 
Van  der  Pauw  sheet-resistance  structures  were  good  to 
maybe  1%,.  but  required  extensive  processing.  The  accu¬ 
racy  of  the  MOS  pulsed  capacitance- voltage  (C-K) 
technique  was  approximately  15%  and  required  photo- 
defined  dots  for  uniformity  testing.  During  this  time 
period  It  was  extremely  difficult  to  verify  specifications 
that  exceeded  the  measurement  capability  of  the  tech¬ 
nique  available.  Fortunately,  the  performance  of  ion 
implanters  as  well  as  of  their  monitoring  techniques  has 
improved  significantly  in  the  last  ten  years.  In  addition, 
new  monitoring  techniques  have  been  introduced  [1], 

There  are  essentially  six  techniques  available  for  ion 
implantation  (I/l)  monitoring,  particularly  for  uniform¬ 


ity  mapping.  The.se  include  sheet  resistance,  .spreading 
resistance,  pulsed  C-F.  thermal-wave,  optical  constant 
measurement,  and  optical  density  measurement  Three 
of  these  techniques,  sheet  resistance,  spread  ng  resis¬ 
tance  and  pulsed  C-Ki-  are  direct  electrical  measure¬ 
ments  of  the  electrically  active  dopant  atom.s.  The  other 
three  techniques  depend  on  the  damage  resulting  from 
the  implant:  thermal-wave  and  optical  constant  mea¬ 
surements  monitor  the  damage  in  the  semiconductor  of 
interest,  while  the  optical  density  technique  measures 
the  damage  with  a  specially  prepared  glass  wafer  covered 
with  photoresist 

This  array  of  techniques  offers  the  implant  engineer 
several  options  for  measuring  and  displaying  implant 
uniformity.  Each  technique  has  special  advantages  that 
make  it  unique,  as  well  as  limitations.  Each  technique 
will  be  reviewed  with  special  attention  to  convenience, 
cost,  calibration,  physical  phenomena  being  u.sed,  physi¬ 
cal  modeling  available,  .sensitivity  to  changes  in  dose, 
pre-  and  post-processing  required,  applicable  range  of 
energy  and  dose,  resolution  or  spot  size,  standards, 
applicability  to  device  wafers,  pre-implant  measurement 
if  required,  repeatability  (wafer-to-wafer  and  instru- 
ment-to-instrument),  inherent  drift  or  relaxation,  accu¬ 
racy.  dependence  on  energy  and  current,  necessity  for 
anneal,  and  applicability  to  inactive  ions.  The  applica¬ 
bility  of  the  equipment  to  monitoring  other  processes 
and  parameters  will  also  be  mentioned. 
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2.1.  Four-point  probe 

The  precision  of  the  four-point  probe  measurement 
of  sheet  resistance  was  improved  to  better  than  0.2%  by 
the  introduction  of  configuration  switching  [2].  Co.tfig 
uration  switching  requires  two  measurements  to  be  made 
with  each  probe  impression.  Using  this  data,  a  geomet¬ 
ric  correction  factor  is  calculated  for  each  site.  This 
eliminated  the  errors  introduced  by  current  crowding  at 
the  edge  of  the  wafer  and  by  probe-spacing  variation. 
At  the  present  time,  sheet-resistance  mapping  [3-6]  is 
the  most  idely  used  and  accepted  means  of  measuring 
ion  implant  uniformity  and  repeatability.  It  has  become 
an  industry  standard,  in  part  because  every  implant 
vendor  has  sheet-resistance  mapping  equipment.  Sheet 
resistance  is  physically  modeled  and  has  NBS-standard 
reference  material  available  for  equipment  calibration. 
The  sensitivity  of  any  implant  measurement  is  defined 
as  the  percent  change  in  the  measured  parameter  di¬ 
vided  by  the  percent  change  in  dose  The  sheet-resis¬ 
tance  sensitivity  is  about  0.7-0.8,  which  is  the  best  of 
any  technique. 

The  direct  sheet  resistance  ( /?,)  technique  requires  a 
wafer  of  the  opposite  conductivity  type  from  the  im¬ 
planted  ion  in  order  to  isolate  the  resistivity  change  that 
results  from  the  implant.  It  is  necessary  to  anneal  the 
wafer  to  mend  the  crystal  damage  done  by  the  incident 
ions,  and  to  allow  them  to  assume  substitutional  sites 
and  become  electrically  active  A  screen  oxide  is  recom¬ 
mended  to  minimize  contamination,  channeling  and 
dopant  loss  during  anneal. 

Sheet  resistance  can  be  used  for  the  whole  range  of 
ion  implant  dose.  The  direct  or  single  implant  [7]  can  be 
used  from  2  X  10“  to  1  X  lO'’  lons/cm^  and  above. 
Competing  background  concentration  and  native  oxide 
charge  require  the  use  of  high-resistivity  substrates  and 
a  sulfuric  peroxide  surface  treatment  in  the  2x  10"- 
5  X  lO'^  lons/cm^  range.  Below  2  x  10"  ions/cm‘  the 
double-implant  technique  [8]  uses  the  change  in  sheet 
resistance  caused  by  implant  damage  to  monitor  the 
do.se  The  double  implant  requires  an  initial  implant 
and  anneal  to  form  a  conducting  layer,  which  is  fol¬ 
lowed  by  a  second  low-dose  implant  The  sheet  resis¬ 
tance  of  the  initial  layer  is  dramatically  increased  by  the 
damage  of  the  second  implant.  The  advantage  of  the 
double-implant  sheet-resistance  technique  is  that  the 
sensitivity  can  be  tailored  by  changing  the  dose  and 
energy  of  the  initial  implant.  As  with  any  indirect 
technique,  a  calibration  curve  must  be  generated  to 
correlate  the  measured  parameter  with  do.se.  The  tech¬ 
nique  has  been  used  from  5x10’  lon.s/cm^  (with  poor 
sensitivity)  up  to  1  x  lO'’  ions/cm^.  This  upper  limit  is 
a  practical  one;  the  initial  implant  dose  should  be 
50-100  times  the  second  implant. 


The  technique  of  using  two  probe  tips  to  measure  the 
carrier  profile  on  a  beveled  sample  is  called  spreading- 
resistance  profiling  (SRP).  The  current  density  in  the 
silicon  is  highest  at  the  probe  tip.  causing  the  greatest 
voltage  drop  with  the  two  contact  diameters  of  the  tip. 
This  geometry  establishes  the  spreading-resistance  probe 
as  a  point  technique,  whereas  the  four-point  probe  is 
actually  a  volumetric  or  bulk  technique.  The  probe  must 
be  calibrated  to  a  set  of  samples  spanning  the  range  of 
measurement.  Great  care  and  skill  is  required  to  operate 
the  SRP  system. 

Solid  State  Measurements  has  introduced  a  four- 
point  probe  mapping  system  that  uses  two  spreading-re¬ 
sistance  probes  as  a  four-point  probe  array  [9]  With 
this  dual-probe  arrangement,  this  system  can  simulta¬ 
neously  map  spreading  resistance  and  sheet  resistance 
with  very  high  resolution.  The  probe  spacing  is  less  than 
100  pm  and  the  step  size  (i.e...  distance  between  mea-- 
surements  sites)  is  about  50  pm 

2  3.  Pulsed  capacitance-voltage 

The  pulsed  MOS  C-V  technique  is  also  a  direct 
measurement  of  the  ion  implant.  It  requires  a  wafer  of 
the  same  conductivity  type  as  the  implant.  For  best 
sensitivity,  the  background  concentration  should  be  as 
low  as  possible.  The  same  oxide  that  serves  as  the  screen 
oxide  serves  as  the  MOS  oxide.  A  metal  dot  acts  as  one 
plate  of  the  MOS  capacitor,  the  implanted  substrate 
acts  as  the  second  plate.  These  dots  can  be  quickly 
deposited  by  evaporation  or  sputtering  through  a  metal 
mask.  For  best  results,  the  whole  back  side  of  the  wafer 
should  be  stripped  of  oxide  and  coated  with  aluminum, 
MOS  wafers  require  two  anneals,  one  for  the  implant 
and  one  for  the  metallization  The  pulsed  C-V  tech¬ 
nique  can  be  used  to  calculate  the  concentration  profile 
of  the  implanted  atoms. 

However,  there  are  many  problems  with  this  use  of 
the  technique,  including  dot  diameter  variation,  depen¬ 
dence  of  results  on  area,  and  measurement  noise  ampli¬ 
fied  by  differenaal  calculation.  A  new  technique,  intro¬ 
duced  to  integrate  the  C-V  curve  directly,  overcomes 
these  problems  and  yields  a  fraction  of  the  implanted 
do.se  or  the  partial  dose  [10]. 

The  partial-dose  technique  avoids  the  problems  that 
arise  from  differentiating  the  measured  data  to  get  the 
concentration  profile  by  integrating  the  C-  V  curve.  The 
measurement  is  much  faster  and  does  not  depend  on  the 
area  of  the  dots;  thus,  it  is  not  necessary  to  use  photo- 
defined  dots  to  measure  the  partial  dose  uniformity. 
This  technique  is  applicable  to  doses  up  to  about  5  x 
lO'^  ions/cm^.  Above  this  do.se  the  voltage  required  to 
deplete  the  mobile  charge  will  cause  the  silicon  or  the 
oxide  to  break  down.  The  extra  postprocessing  required 
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for  MOS  C-V  is  a  consideration,  but  the  technique 
does  provide  a  direct  measurement  of  low  dose.  There 
are  no  standards  available  for  C-  V,-  but  the  results  can 
be  modeled.  The  spatial  resolution  is  determined  by  the 
dot  diameter.  The  advantage  of  the  MOS  C~V  tech¬ 
nique  IS  that  it  can  be  used  to  calculate  the  concentra¬ 
tion  profile  at  any  measurement  site. 

3.  Optical  techniques 

Each  optical  technique  depends  on  the  damage  gen¬ 
erated  by  the  implanted  ions  and  as  such  is  an  indirect 
measurement  of  the  dose.  These  techniques  do  not 
require  an  anneal  because  they  are  non-electrical;  how¬ 
ever,  because  they  require  a  calibration  curve  for  each 
energy  and  species,  results  are  difficult  to  compare  from 
tester  to  tester.  Their  sensitivity,  which  ranges  from  0.1 
to  0  7,  is  determined  by  the  implant-damage  generation. 
The  phenomenon  of  room-temperature  relaxation  of 
this  damage  must  also  be  considered  when  using  these 
techniques.  There  are  no  standards  and  no  physical 
models  for  calculating  the  results.  The.se  techniques 
have  the  advantage  that  they  do  not  require  an  anneal 
and  can  be  used  to  monitor  ions  that  aie  not  electrically 
active  in  silicon.  The  spatial  resolution  of  the  optical 
techniques  is  determined  by  the  spot  size  of  the  incident 
light  beam. 

.?  1  Modulaied-optical  reflectance 

One  optical  measurement  tool  is  the  ThermaWave 
instrument,  which  u.ses  two  lasers  to  characterize  ion 
implant  damage  through  the  measurement  of  thermal 
waves  [11],  The  spot  size  is  on  the  order  of  1  pm  so  the 
spatial  resolution  is  excellent,  and  small  features  on 
device  wafers  can  be  measured.  This  is  not  a  differential 
technique  like  the  other  optical  measurements.  This 
technique  has  a  sensitivity  [12]  ranging  from  about  0,2 
at  1  X  10'“  lons/cm’  to  about  0.7  at  5  x  lO'^  ions/cm*. 
Above  this  dose  the  sensitivity  begins  to  decrease  due  to 
the  saturation  of  damage  as  a  continuous  amorphous 
layer  is  formed.  This  technique  can  also  be  used  to 
measure  the  dielectric  film  thickness.  The  instrument  is 
expensive  but  verj'  useful  in  determining  whether  or  not 
product  wafers  [13]  have  been  implanted  Software  com- 
pen.sates  for  room-temperature  relaxation  [14]  of  I/l 
damage,  but  it  has  been  reported  that  the  thermal-wave 
results  depend  on  the  implant  current  used  and  show  an 
exaggerated  sensitivity  to  channeling  [12]  Another  ap¬ 
plication  of  this  instrument  is  its  ability  to  measure  thin 
films  as  well  as  .subsurface  defects. 

3.2.  EHipsometry 

The  newest  tool  available  for  I/I  monitoring  is  the 
GRQ  ellipsometer  [15]  which  measures  the  change  in 


the  extinction  coefficient.  The  technique  of  monitoring 
the  change  in  the  optical  constants  with  ion  implanta¬ 
tion  has  been  reported  earlier  [16],  but  this  equipment 
claims  to  be  fast  and  convenient  for  mapping.  There  is 
little  data  available,  but  the  sensitivity  is  less  than  0.5 
for  argon  implants  into  GaAs.  The  spatial  resolution  is 
determined  by  the  spot  size  of  the  light  on  the  test 
wafer.  However,  this  technique  is  not  suitable  for  device 
structures  since  a  spot  of  0.5  mm  and  an  angle  of 
incidence  of  70°  result  in  an  effective  spot  size  of  1.5 
mm.  The  instrument  can  also  be  used  to  measure  the 
thickness  of  dielectric  layers.  This  technique  is  differen¬ 
tial,  requiring  that  the  extinction  coefficient  be  mea¬ 
sured  before  and  after  implant.  Any  differential  tech¬ 
nique  amplifies  the  noise  of  the  two  individual  measure¬ 
ments  by  taking  the  difference  of  their  results. 

3.3.  Optical  dosimetry 

The  Ion  Scan  [17]  measures  the  change  in  the  optical 
density  of  a  photoresist-coated  glass  wafer.  It  is  a  dif¬ 
ferential  technique  that  requires  the  sample  to  be  mea¬ 
sured  both  before  and  after  implantation.  The  most 
attractive  feature  of  the  Ion  Scan  is  that  no  anneal  is 
required  and  the  glass  wafer  can  be  measured  im¬ 
mediately  after  implantation  [18].  A  calibration  curve 
must  be  generated  to  correlate  the  change  in  optical 
density  with  dose.  It  lacks  sensitivity  in  the  very-low- 
dose  region  where  there  is  little  change  in  the  photore¬ 
sist  density  and  in  the  high-do.se  region  where  satura¬ 
tion  sets  in.  The  spatial  resolution  is  about  3  mm,  the 
diameter  of  the  light  spot  used  to  measure  the  optical 
density.  The  technique  cannot  be  used  for  measuring 
high-current  implants,  charging  or  channeling.  There  is 
also  a  concern  with  contamination  from  sodium  in  the 
glass  and  from  the  iron  backing  that  must  be  attached 
to  the  glass  wafer  to  trigger  the  photo-sensors  on  the 
implanter.  The  Ion  Scan  has  enjoyed  success  in  the 
GaAs  industry  where  it  is  used  to  monitor  ions  that  are 
not  electrically  active  in  silicon.  New  photoresist  is 
being  investigated  that  may  improve  the  instrument's 
sensitivity  at  low  dose  [19]. 


4.  Summary 

Each  of  the  six  techniques  presented  here  have  their 
inherent  advantages  as  well  as  weaknesses.  These  are 
summarized  in  table  1. 

Gone  are  the  days  of  the  Mylar  burn.  Implant  en¬ 
gineers  now  have  an  array  of  characterization  tools  at 
their  disposal.  These  tools  not  only  help  detect  prob¬ 
lems  but,  with  mapping  and  SPC  .software,  provide  the 
information  to  identify  and  correct  them.  The  monitor¬ 
ing  techniques  available  have  different  strengths  and 
weaknesses  which  tend  to  complement  one  another. 
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Wise  process  engineers  will  avail  themselves  of  more 
than  one  means  to  control  and  understand  their  im- 
planter. 
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In  the  early  days  of  semiconductor  manufacturing,  the  four-point  probe  became  established  as  the  tool-of-choice  for  monitoring 
diffusion  processes.  The  application  of  the  four-point  probe  to  ion  implantation  in  the  early  1960s  was  basically  limited  to  the 
single-point  measurement  of  dose,  since  the  equipment  did  not  have  the  necessary  precision  or  repeatability  to  provide  useful 
uniformity  results.  As  a  result,  implanter  uniformity  was  determined  by  cither  a  visual  observation  of  a  heavily  doped  wafer  or  by  a 
mylar  burn  Unfortunately,  these  techniques  were  either  subject  to  interpretation  by  the  user  or  could  not  provide  a  parameter  that 
could  be  statistically  tracked  or  characterized. 

Dunng  the  last  30  years,  the  commercial  ion  implanter  as  well  as  the  dose  and  uniformity  charactenzation  equipment  used  to 
characterize  this  production  tool  have  progressed  significantly  Indeed,  several  generations  of  electneal  and  optical  equipment  have 
been  developed  to  measure  both  the  dose  and  uniformity  of  the  increasingly  advanced  and  complex  ion  implanter  This  paper  will 
review  all  of  the  techniques  and  equipment  used  to  measure  the  uniformity  of  ion  implantation.  In  addition,  various  graphical 
techniques  developed  to  present  early  measurement  results  will  be  discussed 


1.  Overview 

Commercial  ion  implantation  was  introduced  almost 
30  years  ago  as  a  practical  application  of  the  ton  beam 
accelerator  to  semiconductor  manufacturing.  Although 
one  of  the  first  uses  of  implantation  in  this  field  was 
damage  enhancement  in  point-contact  diodes  in  1952 
[1],  it  was  not  until  1962  that  the  first  doping  implant 
was  performed.  In  that  year,  a  phosphorus  implant  into 
silicon  was  used  in  the  manufacture  of  nuclear-radiation 
detectors  [2],  In  the  following  year,  phosphorus  was 
implanted  during  the  manufacture  of  solar  cells  [3],  And 
the  first  use  of  implantation  as  a  doping  technique  in 
MOSFET  technology  was  in  1965  [4], 

During  this  early  period,  when  ion  implantation  was 
a  new  doping  technique,  the  only  useful  method  to 
measure  the  dose  of  a  monitor  wafer  was  the  four-point 
probe.  1  he  umtormity  of  an  implanted  wafer,  however, 
was  routinely  measured  by  visual  inspection  of  a  heavily 
doped  wafer  (fig.  1)  or  a  mylar  burn.  After  inspecting  a 

'  Now  at  Process  Products  Corporation,  37  Flagship  Drive, 
No  Andover,  MA  01845,  USA. 

^  Now  at  Sematech,  2706  Montopolis  Dnve,  Austin.  TX  78741, 
USA. 


wafer  implanted  with  high  dose,  a  viewer  could  estimate 
the  uniformity  through  the  darkened  surface  due  to 
incident  implant  damage.  A  mylar  burn  was  nothing 
more  than  “implanting”  a  piece  of  mylar  attached  to  a 
wafer  and  inspecting  the  darkened  results  The  down¬ 
side  of  these  two  techniques  was  that  only  qualitative 
results  were  available.  The  advantage  was  that  striping 
conditions  due  to  electrostatic  scan  problems  (the  most 
common  early  uniformity  problem)  were  immediately 
evident  -  with  no  time  required  for  post-processing. 

The  last  30  years  have  brought  about  several  succes¬ 
sive  generations  of  ion  implantation  equipment  as  well 
as  dose  and  uniformity  monitoring  equipment.  In  ad¬ 
dition,  novel  techniques  have  been  developed  for  use  by 
existing  measurement  equipment.  Indeed,  uniformity 
monitoring  of  'he  implanter  has  progressed  (table  1) 
from  the  mylar  burn  to  full  wafer  color  contour  and  3D 
maps  available  trom  modern  instrumentation. 

2.  Ion  implant  test  site  -  IITS  (1973) 

Some  of  the  first  test-site  sheet-resistance  maps  were 
reported  in  1973  by  Seirmarco  and  Keenan  [5]  using  a 
pattern  of  huge  resistors  (20  X  20  mil)  with  diffused  and 
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Table  1 

History  of  uniformity  mapping  in  ion  implantation 


Visual  inspection 

pre- 1960s 

Mylar  burn 

1960s 

Patterned  resistors 

1973 

Van  der  Pauw  resistors 

1973 

Sheet  resistance 

1975 

Device  measurements 

1975 

C-V  dots 

1980 

Particle  measurements 

1982 

Optical  densitometry  (ion  scan) 

1983 

Double-implant  technique 

1983 

Partial-dose  technique 

1984 

Mssdulated-optical  reflectance  (Therma-Wave) 

1984 

Bridging-implant  technique 

1987 

Extinction-coefficient  meas  (GRQ  Instruments) 

1987 

Color  contour  maps 

1987 

metallized  contacts.  This  ion  implant  test  structure 
(IITS)  was  tested  on  an  automated  tester  and  numerical 
wafers  maps  of  sheet  resistance  were  output.  For  many 
years,  all  IBM  implanters  were  qualified  using  the  IITS. 
Uniformity  was  measured  down  to  1  x  lO'^  using  100 
ficm  wafers  This  structure  v.  as  also  used  to  generate 
sheet-resistance  versus  dose  calibration  curves  [6],  as 
well  as  to  measure  the  temperature  coefficient  of  resis¬ 
tance  for  lon-implanted  resistors  and  generate  new  mo¬ 
bility  curves  [7] 


.3.  Test  pattern  structures  (1975) 

From  the  mid-1970s  to  the  early  1980s,  before  the 
predominance  of  four-point  probe  mapping  systems,  it 


was  common  to  ascertain  wafer-wide  doping  uniformity 
through  the  electrical  probe  of  van  der  Pauw  resistor 
structures  (fig.  2).  These  structures  were  resistors  which 
were  processed  through  standard  masking  and  doping 
techniques,  including  ion  implant.  After  probe,  software 
managed  the  data  and  displayed  the  value  of  the  resis¬ 
tors  in  a  wafer-map  presentation. 

About  this  same  time  frame,  test  structures  were 
becoming  more  prevalent  in  wafer  manufactunng.  Test 
structures  were  a  collection  of  various  devices  repre¬ 
senting  key  parts  of  a  microprocessor  which  were  usu¬ 
ally  located  in  the  kerf  or  scribe-line  area.  Typically,  the 
structures  were  probed  after  completion  of  wafer 
processing  in  order  to  test  the  success  of  various  stages 
of  wafer  processing.  Devices  within  these  structures 
were  used  to  ascertain  the  yield  of  the  wafer  as  well  as 
the  integrity  of  the  wafer  processing  procedures.  Key 
electrical  measurements  included  sheet-resistance  mea¬ 
surement  of  van  der  Pauw  resistors,  as  well  as  depletion 
currents  (fig.  3)  and  thieshold  voltages  of  MOS  tran¬ 
sistors  located  on  these  test  patterns.  It  was  also  com¬ 
mon  for  process  engineers  to  use  a  mask  set  that  repli¬ 
cated  these  structures  over  the  entire  wafer  tn  order  to 
determine  overall  wafer  uniformity  of  various  semicon¬ 
ductor  processes. 


4.  Four-point  probe  mapping  system  (1975) 

Since  the  four-point  probe  was  already  being  used  to 
mea.sure  doping  processes  in  the  diffusion  area,  it  be¬ 
came  the  first  mstiument  used  to  measure  implanted 
dose.  The  standard  practice  for  many  years  was  to  find 


Fig.  1.  Pattern  on  an  unannealed  wafer  reaffirming  the  present-day  utility  of  visual  inspection  This  example  of  “scan  lock-up"  was 
the  result  of  a  failure  in  the  dither  circuit  of  an  electrostatic  scan  system  of  a  modern  implanter.  It  was  observed  by  an  alert  process 
technician,  Joan  Chandler  (Vanan  Ion  Implant  Systems),  prior  to  anneal. 
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the  average  sheet  resistance  by  manually  probing  the 
wafer  in  four  outer  spots,  plus  a  fifth  one  in  the  center. 
Uniformity  was  essentially  considered  to  be  the  stan¬ 
dard  deviation  of  these  five  measurements. 

Early  work  perfor.med  by  Perloff  while  at  Signetics 
in  the  mid-1970s  extended  the  utility  of  the  four-point 
probe  by  automating  its  measurement  capabilities  (fig. 
4)  This  action  paved  the  way  for  the  sheet-resistance 
contour  map.  One  of  the  first  reports  of  this  successful 
venture  was  published  in  1976  [8]. 

In  the  early  days  of  implantation  the  four-point 
piobe  (FPP)  was  relied  upon  to  measure  the  uniformity 
of  the  ion  implanter  because  its  repeatability  (1%)  was 
better  than  the  uniformity  specification  of  the  equipment 
(5f ).  Perloff  [9]  introduced  configuration  switching  in 
1980  which  greatly  improved  the  performance  of  the 
FPP.  By  making  measurements  using  two  different  cur¬ 


rent-voltage  configurations  at  the  same  site,  a  geomet-' 
ric  correction  factor  was  calculated.  This  action 
eliminated  the  two  main  sources  of  noise  in  the  FfP 
measurement:  variation  of  probe  spacing  (probe  wob¬ 
ble)  and  current  crowding  at  the  wafer  edge.  The  repea¬ 
tability  of  the  FPP  was  improved  from  2%  to  0.2%. 
Thus  armed  with  configuration  switching  and  mapping 
capability,  Perloff  founded  Prometrix  in  1983. 

5.  Transistor  threshold  measurements  (1978) 

In  the  late  1960s,  the  most  widespread  semiconduc¬ 
tor  application  for  ion  implantation  was  the  threshold 
adiustment  of  MOS  transistors  [10],  usually  in  the  do.se 
range  of  1  X  10'‘’-5  X  10'“  lons/cml  Indeed,  thre.shold 
voltages  were  found  able  to  be  controlled  within  ±0  3 
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Fig,  2  Van  der  Pauw  resistors  were  widely  u.sed  as  a  resistance  mapping  tool  prior  to  the  introduction  of  the  sheet-resistance  mapping 
system  This  1982  contour  map  shows  “scan  lock-up"  in  an  early  electrostatically  scanned  implanter. 
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Fig  3  Depletion  currents  were  electncal  measurements  made  on  transistors  located  on  test  pattern  structures  beginning  in  the 
mid-l'lTOs  This  figure  shows  the  common  practice  at  that  ttme  of  hand-plotttng  resultant  data  in  order  to  ascertain  wafer  uniformity 

relating  from  a  previous  implant  step 


V.  Therefore,  the  doping  variations  on  a  wafer  were 
determined  by  measunng  the  threshold  voltage  of  a 
large  number  of  transistors,  in  conjunction  with  a 


71.23  OHM/SO, 


1  2.78 


Fig.  4.  An  early  version  of  the  sheet-resistance  contour  map  in 
1975  resulting  from  work  by  Perloff  while  at  Signetics.  Map 
provided  by  Dan  Downey  (Varian  Ion  Implant  Systems) 


threshold-voltage  versus  dose  calibration  curve.  De¬ 
pending  on  the  probing  equipment  and  the  available 
number  of  test  sites  on  a  wafer,  other  information, 
including  depletion  current,  became  u.seful  in  measunng 
implant  uniformity.  Such  measurements  were  com¬ 
monly  performed  on  the  test  structures  processed  dur¬ 
ing  the  last  stage  in  semiconductor  manufacturing  Since 
device  measurements  also  depend  upon  the  flat-band 
voltage  and  uniformity  of  oxide  thickness,  the  process 
engineer  must  be  aware  of  possible  ambiguous  results 
from  this  technique.  Although  uniformity  maps  using 
this  technique  were  commonly  manually  mapped  by 
engineers  in  the  late  1970s,  published  reports  of  auto¬ 
mated  measurements  did  not  occur  until  1982  [11]. 


6.  Special  sheet-resLtance  structures 

Perloff  [12]  used  two  techniques  to  map  the  uniform¬ 
ity  of  implanted  wafers  in  1976:  the  van  der  Pauw 
structure  and  a  .special  oxide  structure  with  rectangular 
openings  photo-lithographically  defined  in  it.  The  four- 
point  probe  was  used  to  measure  the  sheet  resistance  of 
the  implanted  silicon  in  the  rectangular  openings.  The 
implanted  area  was  tested  with  an  automated  prober 
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that  placed  the  four-pom.  probe  in  the  same  location  in 
every  rectangle.  This  allowed  the  same  geometric  correc¬ 
tion  factor  to  be  used  across  the  whole  wafer  and  avoid 
errors  due  to  current  crowding  at  the  wafer  wedge.  A 
variety  of  types  of  maps,  including  numerical  and  con¬ 
tour.  were  pre.sented  to  display  the  results. 


7..  Capacitance-voltage  dots  (1980) 

The  early  application  of  capacitance-voltage  (C-V) 
measurements  in  ion  implantation  was  for  measurement 
of  low-dose  implants  such  as  that  required  for  threshold 
tailoring  of  MOS  transistors.  The  dose  range  required 
for  this  implant,  usually  1  X  lO'®  to  5  X  10'^  ions/cm^.. 
placed  It  outside  the  range  of  the  four-point  probe. 
With  C-V  measurements,  however,  determination  of 
both  carrier  concentration  and  doping  profiles  was  pos¬ 
sible.  Glawischnig  et  al.  provided  one  of  the  first  C-V 
uniformity  maps  m  1981  [13].  This  particular  map 
showed  strong  doping  vanations  due  to  a  scan  lock-up 
condition  on  an  electrostatically  scanned  implanter  with 
C-V  measurements  using  43(K)  test  sites  on  a  3  inch 
wafer  A  more  recent  application  of  C-V  measurements 
was  reported  by  Demmg  et  al.  using  the  partial  dose 
technique  [14]. 


8.  Optical  densitometry  (1983) 

An  instrument  introduced  m  1983  related  changes  in 
dose  to  changes  in  optical  density  of  implanted  photore¬ 
sist  layers  [15].  In  this  technique,  a  microdensitometer 
measures  the  optical  transmission  of  a  photoresist- 
covered  glass  substrate  prior  to  implant,  using  a  390  nm 
wavelength  light  source.  After  implantation,  the  wafer  is 
re-measured.  The  ion  bombardment  by  implantation 
results  m  a  change  of  the  implanted  resist  layer  through 
graphitization  of  the  long  hydrocarbon  chains  that  re¬ 
sults  from  the  breakup  of  H-C  bonds  [16],  yielding  a 
measureable  change  in  its  optical  density  or  transmis¬ 
sion  charactenstics.  Thus,  after  the  instrument  de¬ 
termines  the  difference  m  the  before  and  after  readings 
from  >  1000  measurement  sites  (per  150  mm  wafer),  an 
average  and  standard  deviation  of  the  data,  called  mean 
dose  index  (MDI),  is  determined.  This  data  is  finally 
summarized  in  a  contour  map.  Once  a  calibration  curve 
has  been  determined,  the  MDI  is  fully  representative  of 
the  implant  conditions  (i.e.,  dose,  energy  and  species). 
Because  the  optical  densitometry  technique  essentially 
measures  damage,  the  technique  can  measure  electri¬ 
cally  inactive  species  such  as  silicon,  argon,  etc.  Al¬ 
though  the  manufacturer  states  that  a  recent  model  of 
the  instrument  provides  a  dose  resolution  from  5  X  10" 
to  1  X  lO'^,  a  practical  range  is  more  likely  to  be  5  X  lO" 
to  1  X  10'“  ions/cm^  [17]. 


9.  Double-implant  technique  (1983) 

The  double-implant  technique  is  based  on  the  fact 
that  the  damage  induced  by  an  implant  destroys  the 
crystallinity  of  the  silicon  lattice.  The  displaced  dopant 
atoms  in  a  damaged  layer  do  not  contubute  to  the 
conductivity  of  the  layer  and  the  displaced  silicon  atoms 
greatly  reduce  the  mobility  of  the  free  earners.  This 
technique  requires  that  a  wafer  be  first  implanted  and 
annealed  with  a  “dose”  roughly  ICO  times  that  of  the 
implant  to  be  measured.  The  low-dose  implant  modifies 
the  measured  sheet  resistance  from  the  first  implant. 
Using  a  previously  established  calibration  curve,  the 
four-point  probe  mapping  system  correlates  dose  of  the 
second -implant  to  the  modified  sheet  resistance  [18]. 

This  technique  is  sensitive  from  1  X  lO'®  ions/cm' 
to  a  medium  dose  of  about  1  X  10'“  lons/cm^.  The 
lower  bound  is  determined  by  the  lowest  dose  of  first 
implant  that  can  be  accurately  read  following  the  sec¬ 
ond  implant.  The  upper  bound  is  determined  from  both 
the  first  implant  approaching  solid  saturation  and  the 
de-activation  implant  approaching  the  regions  where 
the  produced  damage  saturates.  A  major  advantage  of 
the  double-implant  technique  is  that  the  sensitivity  can 
be  tailored  for  any  particular  low  dose  by  adjusting  the 
initial  implant.  It  should  be  noted,  however,  that  the 
double-implant  technique  suffers  from  temperature-  and 
time-driven  effects  which  have  been  identified  as  issues 
with  other  damage  measurement  techniques  [19].  Recent 
work  at  Motorola  [20]  indicates  that  the  stability  of 
double-implant  results  was  improved  by  a  200  °C  bake 
in  dry  nitrogen  for  45  minutes. 

10.  Partial-dose  technique  (1984) 

MOS  monitors  are  ubiquitous  in  an  FET  line,  being 
used  to  measure  insulator  integrity,  fixed  and  mobile 
oxide,  average  substrate  doping  and  substrate  leakage 

[21] .  Pulsed  C-V  (PCV)  measurements  on  MOS  dots 

[22]  were  used  to  measure  the  concentration  profile 
after  low-dose  ton  implantation  (<  5  x  lo'^)  and  after 
subsequent  hot  processing  The  profile  was  usually  very 
noisy  because  the  calculation  involved  the  difference  of 
two  capacitance  measurements  close  in  value.  The  re¬ 
sults  also  depended  on  the  square  of  the  area  of  the 
MOS  dot  or  the  fourth  power  of  the  dot  diameter.  Thus 
a  small  error  in  the  diameter  of  the  dot  would  lead  to  a 
large  error  in  concentration.  In  order  to  track  the  PCV 
results  the  peak  coneentration  was  lepoited.  The  noise 
in  the  profile  made  the  peak  eoncentration  an  unaeeep- 
table  proeess  monitor  parameter.  In  order  to  improve 
the  PCV  repeatability,  the  concentration  profile  was 
integrated  to  provtde  a  measure  of  the  implanted  dose. 
This  parameter  represented  part  of  the  implanted  dose 
(the  partial  dose)  under  the  profile  Irom  two  Debye 
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lengths  into  the  silicon  to  the  background  concentra¬ 
tion.  This  improved  the  PCV  repeatability  from  near 
10%  to  about  1%. 

The  next  refinement  in  this  technique  was  direct 
integration  of  the  PCV  curve  (23).  This  yielded  quicker 
results  than  first  calculating  the  profile  by  differentiat¬ 
ing  the  C-V  curve,  followed  by  integration  of  the 
profile  to  get  the  partial  dose.  This  innovation  improved 
the  repeatability  to  0.2%,  almost  another  order  of  mag¬ 
nitude.  In  addition,  an  unexpected  bonus  of  this  ap¬ 
proach  was  the  elimination  of  the  dependence  on  dot 
diameter.  Thus,  it  became  possible  to  measure  the  uni¬ 
formity  of  the  implant  as  well  as  the  dose  on  MOS 
wafers  without  photo-defined  dots.  This  technique  has 
been  used  worldwide  by  IBM  to  monitor  low-dose 
uniformity. 


11.  Modulated-optical  reflectance  (1984) 

In  1984,  the  Therma-Wave  Company  developed  a 
dosimetry  and  uniformity  mapping  instrument  which 
measured  the  properties  of  damaged  silicon  (25].  The 
technique  of  modulated-optical  reflectance  is  based  on 
the  change  in  the  reflectance  properties  of  silicon  with 
the  iniplant-induced  damage.  In  this  technique,  the  wafer 
IS  first  modulated  with  an  argon  laser  beam.  The  reflec¬ 
tance  changes  in  phase  with  the  driving  modulation, 
detected  usi.ng  a  second  laser  (He-Ne)  which  is  then 
processed  as  the  thermal-wave  signal.  The  data  is  then 
presented  in  a  contour  map  (fig.  5)  with  the  average  and 
standard  deviation  of  thermal-wave  (TW)  units.  Due  to 
the  large  amount  of  damage  that  is  generally  produced 
per  implanted  ion,  this  technique  is  very  sensitive  to 
low-  to  medium-dose  implants.  However,  some  sensitiv¬ 
ity  loss  has  been  noted  with  arsenic  in  the  dose  range 
greater  than  5  X  lO'*  lon.s/cm^  [26].  Recent  work  has 
extended  this  region  of  sensitivity  significantly  into  the 
hi;^er  doses  [27];  however,  long-term  application  of 
these  new  algorithms  has  yet  to  be  reported.  Aside  from 
this  recent  work  in  high-dose  measurement,  the  practi¬ 
cal  measuring  range  of  the  Therma-Wave  instrument 
covers  the  range  from  approximately  1  X  10"  to  3  X  10'“ 
ions/cm‘  (26).  The  sensitivity  in  the  medium-  to  high- 
dose  regime  is  limited  by  the  saturation  of  the  lattice 
damage  which  starts  in  the  upper  1  X  10'^  dose  and 
completes  above  a  dose  of  1  X  10'*,  depending  upon  the 
species  and  energy  of  the  measured  ion.  In  addition  to 
its  low-dose  sensitivity,  the  otliei  unique  aspect  to  this 
technique  is  that  its  spatial  resolution  is  determined  by 
the  focussing  ability  of  the  lasers.  This  enables  measure¬ 
ments  to  be  done  within  the  die  on  actual  product 
wafers,  which  is  a  true  example  of  real-time  statistical 
process  control  (SPC).  Another  application  of  this  spa¬ 
tial  resolution  is  the  ability  to  do  micro-uniformity  line 
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Fig.  5  Modulated-optical  reflectance  measuiemenls  were  in¬ 
troduced  in  1984  by  Therma  Wave  This  contour  map.  pro¬ 
vided  by  Lee  Smith  (Therma  Wave),  is  the  f  rst  ever  made  by 
the  system 


scans  on  a  dimension  relevani  to  the  dimensions  of  the 
circuits  in  a  die. 


12.  Bridging-implant  technique  (1987) 

An  interesting  phenomenon  takes  place  when  mea¬ 
suring  MeV  implants  with  the  four-point  probe.  The 
projected  range  into  the  silicon  is  so  large  that  there  is 
essentially  no  way  to  measure  the  deeply  implanted 
layer,  since  the  doped  layer  does  not  even  contact  the 
wafer  surface.  The  bridging-implant  technique  foims  a 
resistive  link  to  the  deeper  layer  [24].  In  this  technique 
a  low-energy  implant  is  first  implanted,  activated  and 
measured.  This  implant  serves  as  the  bridge.  The  MeV 
implant  is  then  implanted  and  activated,  and  then  the 
sum  of  the  two  implants  is  measured.  The  sheet  resis¬ 
tance  of  the  deep  implant  can  then  be  calculated  as  the 
difference  between  the  original  implant  and  the  combi¬ 
nation  of  the  two  (treated  as  two  resistors  in  parallel). 
Although  this  technique  has  not  yet  been  optimized,  nor 
have  its  sensitivity  limits  been  completely  determined,  it 
has  been  established  as  an  enabling  technology  for  the 
measurement  of  deeper  implants  for  which  few'  reliable 
monitoring  techniques  are  presently  available. 
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13.  Extinction-coefficient  measurement  (1^7) 

GRQ  Instruments  introduced  a  mapping  instrument 
m  1987  that  was  based  upon  the  fundamental  pnysics  of 
the  ellipsometnc  measurement  technique.  However, 
Chang  [28]  added  the  measurement  of  the  extinction 
coefficient  to  this  prior  knowledge,  thus  creating  a 
uniformity  mapping  tool.  This  system  was  introduced 
with  full-color  mapping  capability  -  one  of  the  first  to 
do  so.  The  extinction-coefficient  technique  uses  the 
difference  between  before-and-after  optical  properties 
in  the  damage  layer  to  determine  the  depth  and  extent 
of  the  damage,  thus  extending  the  sensitivity  of  the 
ellipsometry  technique.  The  signal  difference  is  con¬ 
verted  back  into  dose-related  units.  Since  the  extinc¬ 
tion-coefficient  technique  is  a  differential  technique,  it 
shares  the  problems  of  other  damage  measurement  tech¬ 
niques.  However,  the  ellipsometnc  technique  with  ad¬ 
ded  extinction-coefficient  measurement  is  pnmarily  use¬ 
ful  where  implant  damage  lies  near  the  saturation  re¬ 
gion  Therefore,  the  high-dose  regime  is  the  effective 
region  for  this  technique.  With  the  addition  of  the 
extinction  coefficient,  the  practical  range  of  measure¬ 
ment  was  quoted  to  be  m  the  range  of  1  x  lO"  to 
1  X  10'“'  lons/cin'.  Although  this  tool  was  originally 
intended  to  measure  silicon,  it  h.  ince  been  primarily 
dedicated  to  the  measurement  of  IIl-V  matenaLs. 


14.  Other 

Most  of  this  presentation  has  been  based  on  uni¬ 
formity  mapping  techniques  which  can  be  correlated  in 
some  manner  to  measurement  of  implanted  dose.  One 
technique  that  does  not  fall  into  the  overall  format  of 
this  pre.sentation  but  has  been  proven  to  yield  useful 
information  about  the  ion  implantei  is  the  wafer  par¬ 
ticle  map.  Using  the  difference  between  before  and  after 
measurements  on  wafers  processed  through  the  im- 
planter,  a  laser  scanning  particulate  measurement  in¬ 
strument  is  able  to  identify  the  origin  of  various  particle 
sources  within  the  implanter  i  elating  to  operations  such 
as  wafer  clamping  and  end-station  venting  (29.30).  One 
of  the  first  published  reports  of  wafer  particle  maps  in 
relation  to  problem  solving  occurred  in  1983  [31]. 

It  is  not  within  the  scope  of  this  paper  to  discuss  the 
relatixe  advantages  or  disadvantages  of  the  measure¬ 
ment  techniques  presented  herein.  While  the  sensitivity 
of  several  measurements  discussed  herein  has  been  re¬ 
ported  previously  [17],  the  reader  is  referred  to  the  cited 
references  for  more  in-depth  information  on  specific 
topics. 
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Dose  matching  between  systems  installed  in  a  device  manufacturer’s  fab  is  a  cntical  issue  in  ion  implantation,  especially  when  the 
process  is  to  be  transferred  from  one  system  to  another.  Ion  implantation  systems,  like  other  types  of  semiconductor  capital 
equipment,  are  constantly  evolving  to  keep  pace  with  the  ever-increasing  demands  of  device  manufacturers  Some  hardware  changes 
may  be  retrofitted  to  existing  equipment,  while  major  changes  often  result  in  a  new  system  design.  As  a  result  older,  retrofitted 
systems  as  well  as  the  latest  generation  equipment  may  be  found  operating  side  by  side  in  the  wafer  fab.  While  dose  uniformity  and 
repeatability  for  a  given  implanter  have  always  been  specified,  dose  matching  betwe  .n  implanters,  allowing  the  transfer  of  process 
Irom  one  system  to  another,  is  addressed  in  this  paper.  Dose  matching  characteristics  for  several  Vanan  implanters  will  be  presented 
and  techniques  for  matching  dose  between  systems  will  be  discussed.  In  addition,  the  key  hardware  and  process  issues  that  may  cause 
mismatching  in  dose  will  be  addressed 


1.  Introduction 

Every  implant  used  in  a  semiconductor  fab  is  de¬ 
scribed  by  a  recipe.  The  recipe  specifies:  species,  dose, 
energy,  beam  current,  wafer  tilt  angle,  and  several  other 
parameters  for  implant  setup.  Frequently,  when  a  pro¬ 
cess  is  developed  in  a  new  fab.  the  implant  recipes  are 
determined  by  qualification  exercises  done  on  the  new 
ion  implanters.  In  contrast,  when  an  existing  fab  up¬ 
grades  or  purchases  new  equipment,  the  goal  is  for  the 
new  or  retrofitted  equipment  to  run  the  established 
recipes,  within  the  tight  control  limits  of  the  process, 
already  developed  on  existing  equipment.  The  goal  is 
driven  by  the  need  to  bring  the  equipment  on  line 
quickly  with  the  minimum  cost,  and  to  avoid  getting 
approvals  for  recipe  changes. 

The  absolute  dose  has  not  been  as  important  as  dose 
matching  to  the  existing  process.  N.B.S.  standards  are 
not  available  for  an  implanted  do.se.  Implant  round 
lobins  done  throughout  the  industry  for  a  given  recipe 
ndicate  there  is  approximately  a  12%  variation  of  sheet 
lesistance  due  to  the  implanters  when  the  wafers  are  all 
processed  together  [1-3]  Theoretical  models  must  con¬ 
sider  a  large  number  of  variables  to  be  able  to  predict 
for  all  recipes,  what  the  sheet  resistance  should  be. 
Some  of  the  difficult  variables  are  wafer  charging,  beam 
neutralization,  and  onset  of  wafer  amorphizatton  cou¬ 
pled  with  its  change  on  channeling  effects.  Hence,  one 
should  be  cautious  about  using  theoretical  models  for  a 
target  sheet  resistance  value  [3],  A  reference  value  to 
consider  is  the  baseline  implant  done  during  the  instal¬ 


lation  of  an  implanter.  The  ion  implanter  manufacturer 
can  provide  these  recipes  which  have  been  tested  on 
many  ion  rl'.■^lanters. 

Typically,  an  ion  implanter  has  control  capability 
that  allows  the  user  to  increase  or  decrease  all  of  the 
doses  by  the  same  amount  for  dose  matching  to  the 
existing  process  recipes  of  another  ion  implanter.  On 
Vanan  serial  ion  implanters  control  of  the  implant  area 
setting  provides  this  control  capability.  The  implant 
area  setting  is  a  number  entered  into  the  dose  calcula¬ 
tion  electronics.  The  implant  area  is  the  effective  area 
(square  centimeters)  at  the  wafer  plane,  which  is  scanned 
by  the  ion  beam.  For  a  given  wafer  size,  increasing  the 
area  setting  will  increase  all  the  implanted  doses.  This 
paper  discusses  considerations  to  be  made  before  ad¬ 
justing  the  area  setting.  The  steps  for  selecting  the  area 
setting  for  matching  the  dose  on  two  ion  implanters  are 
presented  along  with  the  data  from  two  production 
implanters. 


2.  Variables  affecting  dose 

In  dose  matching  two  ion  implanters.  the  average 
value  of  the  dose  (lons/cm^)  implanted  into  the  wafer, 
the  uniformity  of  the  dose  across  the  wafer,  and  the 
depth  profile  must  match,  for  the  measurement  of  wafer 
dose  to  match.  Dose  matching  must  be  checked  for  each 
recipe  that  is  u.sed  in  production.  Product  device  data  is 
the  ultimate  judge  that  the  dose  matching  is  successful 
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Depends  on  specific  implanter  model 
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MEASUREMENT  TOOLS 


PREPARATION 


Fig  1(b).  Proces.s  variables  affecting  do.se 


when  both  implanters’  products  are  within  the  process 
control  limits. 

Fig.  la  IS  a  fishbone  (Ishikawa)  diagram  (4)  of  serial 
implanter  variables  which  can  cause  the  “measurement 
of  wafer  dose"  to  change.  Six  main  categories  are  listed 
The  branches  off  of  the  “implant  recipe”  are  the  recipe 
Items,  any  one  of  which,  if  changed,  could  cause  a 
change  in  the  measurement  of  wafer  dose  (average 
value,  uniformity,  or  depth  profile).  Many  of  the  fish¬ 
bone  items  are  not  called  out  m  a  recipe.  For  example 
there  is  a  branch  off  of  the  “dosimetry  system”  category 
called  “current  integrator”.  It  has  branches  connecting 
to  It.  One  branch  is  “passes  calibration  check"  for  “dc 
currents”  and  “pulsed  currents”,-  which,  if  out  of 
calibration,  will  cau.sc  the  measuiciiicnt  of  wafer  dose  to 
change.  If  there  is  only  one  current  range  that  is  bad. 
then  dose  matching  between  two  implanters  might  be 
successful  except  for  implants  on  that  current  range. 
Thus,  the  calibration  of  modules  which  could  affect 
dose  must  be  venfied  to  be  correct  before  starting  dose 
matching  Newer  implanters  u.se  software  routines  to 


monitor  power  supplies  and  check  many  calibrations,  to 
warn  of  implanter  problems. 

A  different  type  of  dose  matching  problem  is  not 
due  to  an  implanter  failure  but  to  implanter  design  The 
“platen  flatness”  is  typically  fixed  on  an  implanter.  If  a 
fab  has  two  implanters.  one  with  a  flat  platen,  and  the 
other  with  a  domed  cooling  platen  then  the  “beam 
incident  angle  to  the  wafer  crystal”  structure  will  be 
different  between  the  two  implanters.  This  according  to 
the  fishbone  diagram  could  cause  “channeling  effects 
on  implant  depth  profiles”,,  which  could  show  up  on 
four-point  probe  maps  as  an  unusual  sheet  resistance 
value  with  a  poorer  uniformity  map  [5).  This  would 
show  up  less  or  not  at  all  for  high  do.se,  high  energy 
As’^  implants  that  amorphize  the  crystal  lattice  and 
have  minimal  channeling.  This  small  difference  in  im¬ 
planter  configuration  could  cause  the  doses  on  the  two 
implanters  to  match  for  some  recipes  but  not  for  all. 

For  a  particular  implanter  design,  one  must  look  at 
the  fishbone  diagram  and  determine  the  variables  that 
apply  and  their  corresponding  effects.  If  variables  are 
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added,  make  sure  that  they  are  well  defined  and  mea¬ 
surable.  A  dose  matching  checklist  can  then  be  made 
from  the  customized  fishbone  diagram.  If  a  variable  is 


not  controlled,  and  dose  matching  is  performed,  when 
that  variable  changes  (which  one  may  not  be  aware  of) 
the  implanter  may  no  longer  be  dosc-matched  to  the 


7o 


Fig.  3.  Dose  matching  implant  must  be  stable. 
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Other  implanter  or  the  process.  Fig.  2  is  the  layout  of  a 
300  XP  serial  implanter  for  reference  in  locating  im¬ 
planter  main  assemblies  mentioned  in  the  fishbone. 

Fig.  lb  is  a  fishbone  diagram  of  process  variables 
which  can  cause  the  “measurement  of  wafer  dose”  to 
change.  Because  of  all  the  vanables  in  processing  the 
wafers,  it  is  necessary  to  split  a  “lot”  of  wafers,  which 
meet  the  wafer  requirements  through  both  implanters. 
Combine  the  wafers  after  implant.  Randomize  the 
wafers  for  the  anneal,  in  order  to  separate  the  anneal 
effects  from  the  implanter  effects  [6],  Measure  the  wafer 
dose  on  the  same  system.  A  checklist  should  also  be 
made  for  each  processing  step. 

In  addition  to  the  recipes  that  must  be  matched,  it  is 
valuable  to  develop  at  least  one  dose  matching  monitor. 
The  monitor  can  be  the  same  as  one  of  the  recipes.  The 
monitor  should  have  the  following  qualities.  It  should 
have  a  quick  turn  around  time  of  4  hours  or  less, 
compared  to  a  few  weeks  for  device  wafers.  It  must  be 
sensitive  to  the  dose  so  that  it  can  pinpoint  small  dose 
changes.  Its  measured  value  must  be  stable  over  time,  so 
that  the  time  after  implant  that  the  measurement  is 
made  does  not  affect  the  result  [7].  It  should  have  its 


own  control  chart  like  fig.  3.  Once  the  implanters  are 
matched,  the  monitor  can  be  periodically  implanted  as  a 
quick  partial  implanter  check.  Typical  monitoring  pro¬ 
cess  is  to  use  an  anneal,  etch,  and  4-point  probe,  or  to 
use  a  thermal-wave  measurement. 


3.  Dose  matching  steps  and  results 

The  steps  for  dose  matching  implanters  will  now  be 
presented  along  with  the  data  from  two  production 
implanters. 

Step  1.  Consider  the  implanter  variables  due  to  cali¬ 
bration,  recipe  requirements,  and  implanter 
configuration.  Go  through  the  checklist  and 
fix  any  problems. 

Dose  matching  was  done  between  a  new  300XP 
serial  implanter,  and  a  350D  serial  implanter  retrofitted 
with  a  new  Faraday  system  [8],  similar  to  the  one  used 
on  the  3(X)XP.  The  retrofitted  350D  is  called  a  350DE. 
Before  the  retrofit  was  done  the  350D  and  300XP  had 
been  dose-matched.  The  variables  for  the  350DE  and 
300XP  implanters  were  checked.  The  significant  dif- 


350DE  AREA  (cm^) 

Fig.  4.  Selecting  an  implant  area  of  207  5  cm^  on  350DE  to  match  thermal  wave  signal  of  300XP. 
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ference  between  the  two  implanters  was  that  the  350DE 
would  have  a  smaller  implant  area  because  its  construc¬ 
tion  puts  the  wafer  plane  closer  to  the  center  of  scan. 

Step  2.  Implant  dose  matching  monitor  wafers  on 
both  implanters.  On  the  implanter  already 
process  qualified,  implant  the  monitors  with 
the  production  area  setting.  On  the  other 
implanter  use  three  different  areas,  the 
calculated  area  provided  by  the  implanter 
manufacturer,  an  area  between  2  and  4% 
greater  than,  and  an  area  2  to  4%  less  than 
the  calculated  area.  Implant  3  monitor  wafers 
for  each  area  setting.  After  this  test  is  suc¬ 
cessfully  done.  It  can  be  repeated  with  other 
monitor  implants  if  desired. 

Twelve  dose  matching  monitors  were  implanted,  and 
measured  on  a  thermal  wave  system.  The  300XP  used 
Its  production  qualified  area  of  212.0  cm".  Three  areas 
were  implanted  with  on  the  350DE:  200.5,  204.5,  and 
207.5  cm^.  Fig.  4  is  a  graph  of  350DE  area  setting  vs. 
thermal  wave  signal.  From  it  one  concludes  that  an  area 
of  207.5  cm"  initially  matches  the  350DE  to  the  300XP. 

Step  3.  Implant  a  split  lot  of  product  wafers  on  both 
implanters.  On  the  implanter  already  process 
qualified,  use  the  production  area  setting.  On 
the  other  implanter  use  three  different  areas, 
the  dose  matching  area  found  in  step  2,  an 
area  between  2  and  4%  greater  than,  and  an 
area  2  to  4%  less  than  the  dose  matching 
area  found  in  step  2.  Implant  3  product 
wafers  for  each  area  setting. 

This  test  was  performed  with  microprocessor  prod¬ 
uct  wafers.  E-test  results  in  fig.  5  show  that  device 
threshold  voltage  measurements  demonstrate  that  the 
area  of  207 .,5  cm"  matches  the  350DE  to  the  300XP. 
E-test  results  in  fig  6  show  that  a  sensitive  source  to 
drain  depletion  current  measurement  demonstrates  that 
the  correct  dose  matching  area  is  207.5  cm*. 

Step  4.  Repeat  step  3  with  a  larger  quantity  of 
wafers  to  gain  more  confidence  in  the  mea¬ 
surement  [6]. 

Referring  back  to  fig.  3,  it  shows  the  stability  of  the 
threshold  voltage  measurement  over  time  for  the  350DE, 
the  300XP.  and  another  implanter  on  site,  the  350D. 

Step  5.  Repeat  step  3  and  step  4  for  each  recipe. 
This  can  be  done  over  the  course  of  a  few 
weeks,  so  that  as  time  passes  more  and  more 
recipes  are  production-qualified  on  the  im¬ 
planter. 

The  implant  area  of  207.5  cm^  was  used  on  the 
350DE,  to  match  it  to  the  300XP  for  the  other  device 
implants.  All  the  implants  matched  the  350DE  with  an 
area  of  207.5  cm^  to  the  300XP  with  an  area  of  212.0 


Since  the  thermal  wave  measurement  agreed  with  the 
product  wafer  devi'’«  measurements  that  the  area  of 
207.5  cm^  IS  corn  the  thermal  wave  measurement  is 
used  as  a  daily  monitor. 


4.  Conclusions 

Dose  matching  between  two  implanters  must  be 
carefully  done  taking  into  account  implanter  variables, 
wafer  processing,  and  dose  measurement.  After  the  im¬ 
planter  is  configured  as  needed,  and  passes  its  checklist, 
then  on  serial  implanters  use  a  sensitive,  stable  monitor 
and  we  suggest  to  adjust  the  implant  area  to  dose-match 
the  implanters.  All  recipes  used  must  be  checked  before 
turning  ovei  to  full  production. 

In  the  event  that  two  different  model  implanters  do 
not  match  for  all  doses,  then  we  would  suggest  to  match 
them  for  the  one  with  the  tightest  control  specs.  If  some 
of  the  other  recipes  fall  out  of  spec,  then  that  recipe 
dose  will  have  to  be  changed  unless  the  implanter 
configuration  can  be  changed  to  bring  that  recipe  back 
into  spec. 
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Monitoring  of  dose  by  thermal  wave  (TW)  modulated  reflection  is  investigated  for  As^  or  implantation  into  silicon  at  low 
doses  (5  X  lO"’  to  1  X  lO'-'  cm'")  employed  in  the  threshold  voltage  control  of  a  MOS  transistor.  This  method  is  .shown  to  be  useful 
to  dose  levels  down  to  5  x  lO'"  and  1  x  lO”  cm  ‘  ’  for  As  and  implantation  (100  keV).  respectively.  The  TW  intensity  has  a 
close  correlation  with  dose  and  also  we  can  find  a  correlation  of  TW  intensity  with  damage  density,  minority  carrier  lifetime,  sheet 
conductance  and  the  threshold  voltage  of  a  transistor  at  low  doses  if  we  assume  that  the  extrapolation  to  lower  do.se.s  is  valid 
Therefore,  this  technique  is  a  useful,  nondestructive,  contactless  and  highly  sensitive  methou  for  monitoring  the  dose 


S'" 


1..  Introduction 

Control  of  the  threshold  voltage  of  a  metal  oxide 
.semiconductor  (MOS)  transistor  is  important  and  has 
been  achieved  by  varying  the  do.se  of  ions  implanted 
into  the  channel  region  of  depletion  and  enhancement 
transistors.  Therefore,  monitoring  of  the  dose  for  low- 
dose  implantations  (5  x  10"-5  x  lO’’  cm"’)  is  needed 
for  light  threshold  voltage  control  of  an  MOS  tran.sistor 
This  improvement  leads  to  the  increa.se  of  device  pro¬ 
duction  yields  and  of  the  allowance  of  device  de.sign  in 
very  large  scale  integrated  circuits  (VLSI), 

Dose  monitoring  has  conventionally  been  done  by- 
threshold  voltage  and  dram  current  measurements  of 
MOS  transistors  [1].  However,  this  technique  is  destruc¬ 
tive  and  very  time  consuming.  The  thermal  wave  (TW) 
modulated  optical  reflectance  method  has  offered  a 
nondestructive  alternative  approach  to  the  characteriza¬ 
tion  of  the  damage  induced  during  low  do.se  ion  implan¬ 
tation.  Although  the  variation  of  the  TW  signal  inten¬ 
sity  with  ion  dose  was  studied  for  high  dose  implanta¬ 
tions  employed  in  source  and  dram  formation  [2-4],  the 
correlation  of  the  intensity  with  damage  density  for  low 
dose  has  been  studied  in  few  papers  [5,6] 


2.  Experimental  procedures 

Ion  implantation  of  B  and  As  was  performed  into  n-- 
and  p-type  (100)  Si  wafers  (resistivity:  8-12  Bern)  with 
do.se.s  of  5  X  lO"’  to  1  X  lO”  cm"  I 

Density  of  damage  formed  by  the  implantation  was 


measured  with  1  5  MeV  He^  Rutherford  backscaltering 
spectrometry  aligned  spectra  [7]  Measurement  was  also 
performed  by  the  thermal  wave  (TW)  modulated  reflec¬ 
tance  and  by  minority  carrier  lifetime. 

3.  Experimental  results 

TW  intensity  measurements  were  performed  for  As  * 
and  B*  implanted  Si.  where  each  implantation  was 
performed  through  50  and  200  A  thick  oxide  layer  at  25 
and  50  keV...  respectively,,  with  low  doses  (2  X  10"-5  X 
lO'*  cm"’)  employed  in  threshold  voltage  control  of 
MOS  transistor.  The  intensity  is  shown  in  fig  1  as  a 
function  of  dose.  The  intensity  increased  monotonically 
with  the  increa.se  of  dose  A  higher  intensity  was  at-- 
tained  in  As*'  implantation  This  result  indicates  that 
the  ion  implantation  dose  can  be  monitored  by  the  TW 
.signal  intensity  measurement  at  low  doses. 

The  TW  signal  intensity  for  As*  and  B*  implanta-- 
tions  into  bare  ,Si  at  100  keV  w'as  akso  measured  to 
determine  the  sensitivity  of  this  technique  and  the  re¬ 
sults  are  shown  as  a  function  of  dose  in  figs.  2  and  3. 
The  TW  intensities  increa.sed  linearly  with  dose  in  the 
TW  signal  intensity  (linear  scale)  versus  implant  dose 
plot  (logarithmic  scale)  The.se  measurements  indicate 
that  this  method  is  useful  to  dose  levels  down  to  5  x  10'** 
and  1  X  lO"  cm  ’  for  As  *  and  B”*  implantations  (100 
keV),  respectively 

In  order  to  u.se  this  technique  for  dose  monitoring, 
we  must  obtain  the  correlation  of  the  TW  intensity  with 
ion  implanted  damage  density  of  ion  implanted  layers, 
electrical  properties  and  device  parameters 
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Fig  1  Variation  of  the  thermal  wave  (TW)  signal  intensity 
with  dose  for  As''  and  B*  implantations  in  Si,  where  the 
implantation  of  As'*  and  was  performed  through  50  and 
200  A  thick  oxide  layers  at  25  and  50  keV,  respectively. 

The  displaced  atom  density  (DAD)  for  As*^  im¬ 
planted  Si  determined  by  RBS  aligned  spectra  [7]  is  also 
shown  in  fig  2  The  DAD  was  2.9  X  10’’ cm'"  at  the 
dose  level  of  1  x  10'**  cm'^.  It  decreased  monotonically 
with  the  decrea.se  of  dose  and  reached  l.,5  X  10’*’  cm  ■' 
at  a  dose  of  1  x  lO'^  cm  '  ■  Below  1  x  10'-’  cm thi.s 
technique  cannot  be  u.sed  because  of  the  sensitivity 
limit  The  lowest  dose  detection  limit  for  B'*  implanta¬ 
tion  IS  around  5  x  lO'"*  cm  "’.  Displaced  atom  density 
measurement  cannot  be  used  at  the  low  doses  employed 
in  threshold  voltage  control.  If  the  correlation  between 
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Fig  2  The  TW  signal  intensity  and  displaced  atom  density 
(DAD)  in  A»^  implai  ation  into  Si  at  100  keV  a.s  a  function 
of  ion  implantation  dose. 


10’  10”  10"  10" 


Dose  (ions/cm2) 

Fig  i.  The  TW  signal  intensity  (.■’s-implanted)  and  .sheet  con¬ 
ductance  (annealed)  in  B*^  implantation  into  Si  at  100  keV  as 
a  function  of  ion  implantation  do.se.  where  annealing  was  done 
at  lOOC^C  for  20  min  in  N,. 


TW  signal  intensity  and  the  DAD  is  assumed  to  apply 
at  lower  doses,  as  extrapolated  by  broken  line  in  this 
figure,  then  the  displaced  atom  density  formed  by  this 
implantation  can  be  monitored  by  the  TW  signal  inten¬ 
sity  measurem,ent 

After  these  layers  were  annealed  at  1000  °C  for  20 
min,  sheet  resistance  (conductance)  was  measured.  This 
measurement  has  been  extensively  used  in  ion  implanta¬ 
tion  do.se  monitoring  at  high  doses.  Sheet  conductance 
for  S'*  implanted  Si  at  100  keV  is  shown  in  fig.  3  as  a 
function  of  dose.  Sheet  conductance  decreased  mono¬ 
tonically  with  the  decrease  of  dose.  It  reached  below 
3.6X10^'’  Ssq.  at  doses  below  1  X  lO'’’  cm“'  This 
results  shows  clearly  that  the  TW  intensity  has  a  close 
relation  with  sheet  conductance  at  implant  do.ses  above 
1  X  lO'’  cm"’.  Therefore,  dose  monitoring  can  be  at¬ 
tained  below  this  value  if  this  correlation  holds  at  the 
lower  doses  employed  in  channel  doping  Furthermore 
sheet  conductance,  carrier  concentration  and  threshold 
voltage  can  be  monitored  by  the  TW  signal  intensity 
measurement  for  the  as-implanted  layer 

A  minority  earner  lifetime  measurement  was  also 
performed  for  As  ‘  implanted  Si,  where  the  implanta-- 
tion  was  performed  at  100  keV  through  a  430  A  thick 
oxide  layer.  The  lifetime  increased  with  increasing  an¬ 
nealing  temperature  because  of  damage  recovering.  Fig 
4  indicates  the  variation  of  the  minority  carrier  lifetime 
with  dose  after  implanted  samples  were  annealed  at 
800 °C,  The  lifetime  decreased  with  the  incrca.se  of 
dose.  These  data  show  that  highly  sensitive  dose  moni¬ 
toring  can  be  achieved  by  the  minority  carrier  lifetime 
measurement. 

Threshold  voltage  measurement  for  a  MOS  tran¬ 
sistor  IS  a  useful  do.se  monitoring  technique  and  has 
been  used  at  low  do.ses.  Fig.  5  shows  the  variation  of 
threshold  voltage  (K, )  with  dose  in  enhancement  tran- 
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Dose  (ions/cm2) 

Fig  4  Variation  of  minority  carrier  lifetime  with  dose  in  As^ 
implanted  Si.  where  the  implantation  was  pei  formed  at  100 
keV  and  annealed  at  800  °C 


ststors  reported  by  one  of  us  (W  L.S.),  where  B was 
tniplanted  tnto  the  channel  regton  of  a  p-channel  en¬ 
hancement  MOS  tranststor  at  50  keV  through  a  thin  (50 
A  thick)  oxide.  The  threshold  voltage  (K,)  decreased 
linearly  with  decreasing  dose  in  the  V,  versus  logdo.se 
plot  as  seen  in  this  figure  Since  K,  is  a  function  of 
carrier  concentration  in  the  channel  layers,  dose  and 
carrier  concentration  after  annealing  can  be  monitored 
by  the  threshold  voltage  measurement.  Even  though  this 
monitoring  technique  is  highly  sensitive,  it  is  destructive 
and  very  time  consuming  for  device  fabrication  The 
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Fig.  5.  The  thermal  wave  (TW)  signal  intensity  a  id  thre.shold 
voltage  ( F, )  observed  in  a  p-channel  enhancement  transistor  (1) 
as  a  function  of  dose.  B  *  implantation  was  pc-furmed  through 
a  thin  (50  A  thick)  oxide  layer  at  50  keV 


TW  intensity  for  this  implantation  in  an  unpatterned  Si 
wafer  is  also  shown  in  this  figure.  The  intensity  in  the 
B'*’  implanted  layer  has  again  a  close  correlation  to  the 
threshold  voltage  of  an  enhancement  transistor.  As  is 
evident  from  these  results,  the  threshold  voltage  of  a 
MOS  transistor  can  be  monitored  by  the  measurement 
of  damage  in  the  as-implanted  layer  using  the  TW 
modulated  reflectance  method 


4.  Conclusions 

(1)  Displaced  atom  density  (DAD)  has  a  close  corre¬ 
lation  with  ion  implantation  at  doses  above  1  x  lO” 
cm“‘  in  As'^  implantation.  The  lower  do.se  detection 
limit  by  the  sheet  conductance  measurement  is  5  X  10'^ 
and  1  X  lO”  cm“^  for  As”*^  and  B^  implantations, 
respectively,,  at  100  keV  Therefore,  the.se  monitoring 
techniques  can  not  be  used  for  the  monitonng  of  low 
dose  ion  implantation  employed  for  threshold  voltage 
control  of  MOS  transistors. 

(2)  Thermal  wave  signal  intensity  increases  monoton- 
ically  with  ion  implantation  dose.  The  method  is  useful 
to  dose  levels  down  to  5  X  lO'"  and  1  X  10"  cm*^  for 
As^  and  B*  implantations  (100  keV),  re.spectively 

(3)  Since  the  TW  intensity  has  a  correlation  with 
dose  and  threshold  voltage  of  enhancement  MOS  tran¬ 
sistors.  the  threshold  voltage  can  be  monitored  by  the 
TW  intensity  measurement  for  an  as-implanted  layer 
The  intensity  also  has  correlation  with  damage  density 
and  sheet  conductance  if  we  assume  the  data  can  be 
extiapolated  to  low  doses 

In  conclusion,  the  TW  signal  intensity  measurement 
technique  is  a  promising  nondestructive  and  highly  sen-- 
sitive  dose  and  damage  monitoring  technique. 
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Implant  dose  uniformity  simulation  program 

Nobuo  Nagai 

Niisin  Electric  Co.,  Ltd .  Ion  Etjuipment  Division.  575  Kuze  Tonoshtro-cho.  Minami-ku,  Kyoto.  Japan 


A  two-dimensional  implant  dose  uniformity  simulation  code  consisting  of  two  programs  named  SCAN  and  MAP  has  been 
developed  The  code  can  take  account  of  the  effects  of  beam  sweep  waveform,  beam  sweep  frequency,  beam  size,  and  wafer  rotation 
speed  The  result  of  the  calculations  can  be  plotted  in  a  two-dimensional  contour  map  .similar  to  a  wafer  uniformity  map. 


1.  Introduction 

It  IS  very  u.seful  to  simulate  implant  dose  uniformity 
on  a  computer  because  we  can  simplify  the  situation 
and  are  able  to  see  the  dose  distribution  as  implanted 
without  being  disturbed  by  post-process.  Sheet  resistiv¬ 
ity  and  Therma-wave  [1]  measurements  are  the  most 
common  techniques  to  assess  the  uniformity  of  the 
implant  dose  But  those  methods  do  not  measure  the 
implanted  ions  directly,  so  the  results  are  influenced  by 
some  effects  other  than  from  the  implanter  such  as 
anneal  conditions  and  channeling  effects.  Besides  diffi¬ 
culty  in  the  measurement,  an  ion  implanter  itself  pres¬ 
ents  many  uncertainties  that  affect  the  measurements  of 
dose  uniformity.  For  example,  fluctuation  on  ion  beam 
current,  noi.se  on  beam  sweep  waveform,  channeling 
effects  due  to  implant  angle  (wafer  tilt  and  twist  angle) 
can  make  a  complicated  pattern  in  dose  uniformitv  map 
[21 

To  evaluate  the  es.sential  effects  of  implanter  param¬ 
eters  on  implant  dose  uniformity,  a  computer  Simula-, 
tion  program  has  been  developed.  The  computer  code 
calculates  the  two-dimensional  implant  dose  distribu¬ 
tion  over  a  wafer  with  given  machine  parameters  such 
as  beam  sweep  frequencies  of  x  and  y  directions,  a 
beam  sweep  waveform,  a  wafer  rotation  speed,  a  wafer 
tilt  angle,  and  a  beam  density  distribution  With  this 
simulation  we  can  predict  the  optimal  conditions  for 
uniform  implantation,  on  an  electrostatically  .scanned 
serial  implanter  with  or  without  wafer  rotation. 


2.  Description  of  simulation  code 

The  computer  code  simulates  ion  implantation  on  a 
wafer.  To  simulate  the  process  by  a  digital  computer, 
area  and  time  have  to  be  quantized.  An  implant  area  is 
divided  into  a  small  rectangular  mesh  pattern  as  shown 
in  fig.  1..  An  ion  beam  sweeping  over  the  wafer  leaves  a 


footprint  for  every  short  constant  time  interval.  The 
program  counts  the  number  of  footprints  left  by  an  ion 
beam  on  each  mesh.  After  implant,  the  eounts  of  the 
footprint  in  one  mesh  show  how  many  times  the  mesh 
(small  part  of  a  wafer)  is  exposed  to  the  ion  beam. 

The  simulation  code  consists  of  two  programs.  The 
program  1  names  SCAN  calculates  the  beam  position  at 
every  short  time  interval  and  makes  a  data  tile  contain-- 
ing  the  footprint  counts  which  is  later  used  by  the 
program  2.  The  program  2  named  MAP  calculates  the 
uniformity  over  the  wafer  and  draws  a  2-D  contour 
map. 

The  mesh  size  must  be  smaller  than  the  beam  size 
and  the  uniformity  structure  which  one  wants  to  see  on 
the  uniformity  map.  Using  a  shorter  time  interval  gives 
a  more  precise  simulation,  but  it  uses  much  CPU  time 
A  desirable  time  interval  is  the  time  in  which  a  beam 
scans  1/2  or  1/.3  mesh.  (The  time  interval  shown  in  fig 
1  IS  too  long.) 

In  the  program  SCAN,  a  beam  is  assumed  to  have  a 


Y 


Fig.  1  Coordinate  of  simulation  and  mesh 
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Wafer 


Fig.  2  Treatment  of  wafer  tilt  angle 


point  cross  section,  but  the  actual  beam  has  a  size  and 
density  distnbution.  To  evaluate  the  effects  of  beam 
spot  size,  in  the  program  MAP,  dose  data  on  the  wafer 
for  every  mesh  is  calculated  by  a  weighted  average  of 
the  footprint  counts  around  the  mesh.  The  weight  repre¬ 
sents  the  beam  density  distribution.  The  resultant  dose 
uniformity  data  is  plotted  as  a  contour  map  like  a  sheet 
resistivity  map  with  the  signs  switched. 

The  program  SCAN  can  generate  data  for  MAP  if 
the  beam  position  at  any  time  is  known.  In  the  case  of 
an  electrostatic-scan  implanter  (such  as  a  common 
medium  current  implanter),  the  beam  posit' Dn  on  the 
wafer  is  determined  by  the  voltage  applied  to  the  scan¬ 
ning  electrodes.  A  tilted  wafer  is  treated  as  a  beam 
position  Tq  changed  to  Y  as  illustrated  in  fig.  2.  When 
SCAN  simulates  the  wafer  rotational  implantation  (4J, 
the  simulation  coordinate  system  is  rotated  with  the 
wafer. 


3.  Result  of  simulation 

The  result  of  a  simulation  for  a  45'"  tilt  angle 
implant  is  shown  in  fig.  3a  In  the  simulated  map,  a 


circle  indicates  the  wafer  area.  The  parameters  of  the 
simulation  used  in  this  case  are  as  follows: 

beam  scan  area:  150  mm  (W)  X  150  mm  (H); 
mesh  size:  2  mm  square; 

time  interval:  6.53  jis; 

beam:  Gaussian  distribution  (both  a  and  y 

directions),  a  =  3  mm. 

Fig.  3b  IS  an  experimentally  obtained  sheet  resistivity 
map  of  a  45  °  tilt  angle  implant.  The  comparison  of  the 
simulation  and  the  experiment  shows  a  quite  good 
agreement.  But  it  should  be  noted  that  the  physical 
quantity  shown  in  each  map  is  different.  Fig.  3a  repre¬ 
sents  the  dose  uniformity  and  fig.  3b  shows  the  sheet 
resistivity. 

Both  maps  show  the  increase  of  dose  from  the  right 
bottom  to  the  left  top.  The  pattern  is  caused  by  the 
change  in  the  beam  sweep  velocity  over  the  wafer  [3]. 

Fig.  4  shows  simulation  results  of  a  45°  tilt  implant 
with  wafer  rotation.  The  simulation  parameters  are  the 
same  as  for  fig.  3a.  It  is  shown  that  the  rotational 
implant  for  a  large  tilt  angle  implant  is  effective  to 
improve  uniformity  as  reported  [4,5].  The  simulation 
shows  the  uniformity  improves  from  2.66%  to  0.16%  for 
an  implant  with  1.3  rps  wafer  rotation. 

A  resonance  occurs  when  the  implant  lime  is  very 
short  compared  with  the  period  ol  wafer  rotation.  An 
example  of  the  resonance  pattern  is  shown  in  fig.  5a. 
Fig.  5b  is  an  experimental  Therma-wave  map.  Fig.  5c  is 
derived  from  fig.  5a  using  empirical  Therma-wave  sensi¬ 
tivity.  It  IS  .shown  that  the  simulation  gives  fairly  good 
agreement  with  the  experimental  result. 

A  resonance  occurs  at  a  certain  combination  of 
beam  scan  frequency  and  wafer  rotation  speed  Even  a 


Fig  3  Uniformity  maps  of  45°  tilt  angle  implant,  (The  wafer  twist  angle  is  30°. )  (a)  A  calculated  dose  uniformity  map.  The  dotted 
line  shows  the  contour  line  of  a  higher  dose  region  and  the  solid  line  shows  the  contour  line  of  a  lower  dose  region.  A  contour  interval 
IS  1%  dose  Uniformity  is  2.66%.  (b)  An  experimental  sheet  resistivity  map.  A  higher  dose  area  is  indicated  by  sign  A  contour 

interval  is  1%  sheet  resistivity.  Uniformity  is  2  67% 
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Fig  4  Effect  of  rotational  implant  Simulation  parameters  are 
the  same  as  for  fig  3a  Uniformity  is  0  16*? .  Only  average  lines 
are  shown 


small  variation  of  a  parameter  can  result  in  a  very  large 
change  m  the  resonance  pattern  as  shown  m  figs.  6  and 
7 


4.  Conclusion 

A  two-dimensional  simulation  code  for  implant  dose 
uniformity  mapping  was  developed.  This  simulation 
code  can  be  used  to  examine  the  effects  of  beam  .sweep 
waveform,  beam  sweep  frequency,  beam  size,  and  wafer 
rotation  speed  and  can  help  us  to  predict  a  “good 
combination"  of  the  beam  scan  parameters. 


Fig  6.  Simulation  of  beam  scan  and  wafer  rotation  resonance 
pattern  Vertical  beam  scan  frequency  is  504  16  Hz.  and  other 
parameters  arc  the  same  a.s  for  fig  5a 


Fig  7  .Simulation  of  beam  scan  and  wafc  rotation  resonance 
pattern  Vertical  beam  scan  frequency  is  501 ,38  Hz.  and  other 
parameters  are  the  same  as  for  fig  5a 
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Nondestructive  determination  of  damage  depth  profiles 
in  ion-implanted  semiconductors  by  multiple-angle-of-incidence 
single-wavelength  ellipsometry 

M.  Fried,  T.  Lohner,  E.  JAroli,  C.  Hajdu  and  J..  Gyulai 

Central  Research  Institute  for  Physics,  Budapest,  114,  H-I525,  POB  49.  Hungary 


Four-parameter  fitting  of  multiple-angle-of-incidence  (MAI)  ellipsometr>  data  is  developed  to  characterize  near-suiface  layers  on 
semiconductors  damaged  by  implantation  We  used  coupled  half-Gaussians  to  describe  the  damage  depth  profiles  The  method  was 
tested  on  Ge-implanted  silicon  layers  (at  a  wavelength  of  632  8  nm)  and  was  cross-checked  with  high  depth  resolution  RBS  and 
channeling 


1.  Introduction 

Preamorphization  bv  implantation  of  electncally 
neutral  atoms  can  elinunate  channeling  tails  in  implan¬ 
tation.  but  the  control  and  optimization  of  this  process, 
espectally  within  the  technology,  is  an  important  task. 

lon-iniplantation-induced  disorder  changes  the  com¬ 
plex  refractive  index  of  the  implanted  layer,  so  it  can  be 
delected  by  optical  methods  such  as  ellipsometry  [1-7] 
Ellipsometry  is  a  sensitive,  lapid  and  nondestructive  but 
indirect  technique,  so  a  realistic  and  adequate  multi¬ 
layer  optical  model  must  be  used  to  determine  the 
disorder  profile  from  the  ellipsometric  data  alone. 

From  ar  ellipsometric  measvrentent  at  given  values 
of  wavelength  and  angle  of  incidence,  one  can  de-- 
teimine  only  two  unknown  parameters.  (In  earlier  works 
most  optical  models  have  proven  to  be  useful  only  for 
monitoring  the  relative  change  in  the  surface  layer,  or 
destructive  etching  was  used  to  get  depth  information.) 
A  possibility  to  increase  the  number  of  independent 
experimental  data  is  to  use  the  multiple-angle-of  inci¬ 
dence  (MAI)  method  [8],  However,  by  introducing  more 
distinct  layers  in  the  optical  model,  the  cross-correla¬ 
tions  between  the  unknown  parameters  increase.  (Even 
with  spectro.scopic  ellipsometry  [9-11]  the  practical  limit 
IS  ten  layers  in  the  model.)  The  solution  of  this  problem 
IS  to  use  layers  of  equal  thicknesses  with  damage  levels 
determined  by  a  function  of  depth.  This  function  is 
described  with  a  limited  number  oi  unknown  parame- 
tcr.s  The  cutiiplex  refractive  index  of  each  layer  ts 
calculated  from  the  actual  damage  level  by  the  Brugge- 
man  effective  medium  approximation  (EMA)  [12],  using 
crystalline  and  totally  amorphous  semiconductor  values 
as  endpoints. 

Our  method  originated  from  ideas  used  in  earlier 
investigations  [2,4,7,13],  The  most  similar  method  is  the 


one  used  m  ref.  [13]  to  determine  earner  profiles  in 
silicon  by  MAI  in  the  infrared  wavelength  region.  Dur¬ 
ing  our  investigation,  we  found  a  recently  published 
paper  [l4]  which  uses  a  similar  optical  model  to  de¬ 
termine  damage  profiles  in  silicon  by  reflection  mea¬ 
surements. 

To  demonstrate  the  method,  we  measured  data  on  40 
or  60  keV  Ge  implanted  silicon.  The  MAI  results  were 
compared  with  ion  ba' '  -altering  spectrometry  com¬ 
bined  with  channeling 


2.  Ellipsometry 

2.1.  The  optical  model 

To  construct  a  realistic  optical  model,  we  used  cou¬ 
pled  half-Gaussian  functions  with  four  independent 
parameters  (center,  height  and  two  standard  deviations). 
~akmg  into  account  the  fact  that  the  damage  level  is 
saturated  at  the  amorphous  state,  we  describe  the 
damage  depth  profile  with  the  following  function: 

Z)(.x)  =  ]  -  exp{  -/exp|  -  (.x  -  rpf/lol,^  } 

(a,,-  when.x</7),. 

(Oj,.  whenx>rp,. 

w'here  rp  is  the  center,  /  is  the  height,  a,  and  02  fhe 
standard  deviations  of  the  couplea  half-Gaussians.  (This 
function  originated  from  the  a.ssumption  that  one  single 
ion  track  is  fully  amorphous  and  a  later  overlapping  ion 
track  does  not  cause  more  amorphization.)  In  addition, 
we  take  into  account  a  native  oxide  layer  in  the  optical 
model  as  a  fifth  unknown  parameter  (see  fig.  1).  The 
number  of  layers  is  a  result  of  a  compromise  between 
resolution  and  the  required  computing  time.  We  used 

III.  THROUGHPUT  &  YIELD 
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Fig  1  The  optical  moJel  The  complex  refractive  index  of 
totally  amorphous  silicon  is  from  refs  (6,7]. 


an  IBM  compatible  (32-bit)  PC  to  evaluate  the  measure¬ 
ments  The  computing  time  was  1-3  h  depending  on  the 
number  of  angles  of  incidence  with  an  optical  model  of 
20  layers. 

It  ts  important  to  note  that  /  is  not  proportional  to 
the  implanted  dose.  They  are  related,  but  exact  propor¬ 
tionality  would  only  exist  at  0  K.  At  room  temperature, 
the  migration  of  point  defects  modifies  the  situation. 


used  drp  =  a,  +  o,  and  ddrp  =  0,-0,  for  programming 
convenience.  This  means  that  even  in  the  case  of  a  high 
value  of  /.-  the  profile  is  also  sensitive  to  the  drp  and 
ddrp.  If  we  use  0,  and  01  then  in  the  case  of  a  high 
value  of  the  /,.  the  profile  is  not  sensitive  to  the  0,.  This 
fact  disturbs  the  fitting  proce,ss. 

Let  us  measure  at  M  different  angles  of  incidence.  In 
this  case  we  have  2M  nonlinear  equations  from  eqs.  (4): 

where  j  =  I,  -  ■  ■  ,M.  The  superscripts  m  and  c  dis¬ 
tinguish  between  the  measured  and  computed  values  of 
ip  and  ii.  respectively.  If  M>'i,  we  have  more  data 
than  the  unknown  parameters. 

Because  of  experimental  errors  and/or  model  weak¬ 
nesses  (our  optical  model  is  an  approximation  only), 
eqs.  (5)  cannot  be  satisfied  exactly,,  so  a  least-squares 
solution  must  be  sought  by  a  computer  program  The 
program  minimizes  the  sum  of  squares  of  the  residuals 

where  Cj  and  c,  are  the  experimental  errors  of  the  >p 
and  Ji  values  (0  1  and  0.3),  respectively. 


2.2.  MAI  ellipsorneirv 


3.  Experimental 


In  refraction  ellip.sonietry  the  experimental  result  is 
given  by 

p  =  tan  i/- exp(iJ)  (1) 

where  p  is  the  w/mpiex  reflectance  ratio  and  /?p  and 
are  the  complex  amplitude  reflection  coefficients  for  the 
parallel  and  perpendicular  polarizations,  p  (and  thus  ip 
and  A )  can  be  computed  knowing  all  complex  refractive 
indices,  layer  thicknesses  (of  the  optical  model)  and 
device  parameters  (wavelength  and  angle  of  incidence) 
Symbolically.,  the  functional  dependence  of  \p  and  A 
on  the  system  parameters  can  be  separated  into  two  real 
equations: 

=  arctanjp (/)*.,  dj,.<P,i.  A)j,  (2) 

/i  =  arg[p(/i;,.  (f,,.  0„,A)]..  (3) 

where  |p|  and  arg(p)  arc  the  absolute  value  and  argu¬ 
ment  of  the  complex  equation  (1)  and  are  dependent 
upon  many  parameters.  If  we  use  the  D  depth  profile 
function  to  compute  n*(d,  are  fixed)  then  we  may 
write 


P  =  p{  Bf  0,.  A); 
A=A(B,  0,  A)„ 


4i  =  4i{B,<P,,X)- 


(4) 


where  B  =  (d„^,.  rp.  0,,  02,  /)  is  the  vector  containing 
the  unknown  parameters.  During  the  computaticn  we 


Wacker-made.  p-type  Si(lll)  wafers  of  4-8  S2cm 
■esistivity  were  implanted  with  Ge  10ns  at  room  temper¬ 
ature.  The  implantation  conditions  are  shown  in  table  I. 

The  ellipsometric  measurements  weie  performed  with 
a  LEM-2  type  manual  aull  ellipsometer  in  PCSA 
(polarizer,  compensator,  sai.-ole.  analyzer)  configura¬ 
tion,  The  wavelength  was  632  8  nm  (He-Ne  laser)  The 
measuiements  were  made  at  several  angles  of  incidence 
between  60°  and  72°.  Three  angles  are  enough  to 
evaluate  the  measurements,  but  more  angles  can  yield 
more  precise  results  At  the  same  time,  more  angles 
need  more  computing  time  In  the  case  of  the  samp'es 


Table  1 

Implantation  conditions 


Energy 

[keV] 

Dose 

[xlO''*  Ge  Vem=] 

Sample  no 

40 

0  25 

41 

40 

0  5 

42 

40 

1 

4.t 

40 

2 

44 

60 

0  25 

6! 

60 

0.5 

62 

60 

1 

6.3 

60 

2 

64 
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investigated  during  this  work  we  used  five  angles.  The 
typical  measurement  time  with  our  manual  ellipsometer 
is  under  10  min  (at  five  angles  of  incidence).  An  auto¬ 
matic  ellipsometer  can  measure  in  seconds. 

To  check  the  ellipsometric  results  we  used  Ruther¬ 
ford  backscattenng  spectrometry  (RBS)  combined  with 
channeling.  The  analyzing  beam  was  a  1.5  MeV  ‘'He^ 
beam.  The  detector  was  positioned  to  detect  ions 
scattered  through  97  °  (with  a  glancing  exit  angle  to  the 
surface  of  7°).  In  this  geometry,,  the  depth  resolution 
was  better  than  5  nm.  To  evaluate  the  spectra  we  used 
the  RBX  program  written  by  Kotai  [15],  which  can  also 
handle  channeled  spectra. 

psi  [degl 

4.  Results  and  discussion 

In  MAI  ellipsometry,  a  crucial  point  is  the  guessing 
of  the  initial  values  of  the  unknown  parameters.  In  our 
case,  the  ion  range  data  are  good  for  this  purpose.  (The 
ion  range  profile  is  always  deeper  and  narrower  than 
the  damage  deptn  profile  for  the  same  ion  type  and 
energy.)  The  height  of  the  profile  can  be  estimated  from 
simulations  similar  to  the  one  in  fig  2a.  In  fig.  2b  we 
show  the  profiles  related  to  different  /  values  along  one 
fixed  rp  (solid  line). 

The  native  oxide  is  also  a  problem,  especially  in  the 
case  of  small  doses  (samples  41  and  61).  However,  we 
measured  its  thickness  on  a  virgin  part  of  the  same 
wafer.  The  thickness  was  between  20  and  30  A  in  all 
cases  This  fact  can  be  considered  during  the  computer 
fitting. 


Fig  3  Damage  profiles  obtained  from  MAI  ellipsometry  (histograms)  and  RBS  channeling  (.symbols)  (a)  40  keV  implants. 

(b)  60  keV  implants. 
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Ellipsometry  is  extremely  sensitive  to  the  near-surface 
region.  Our  method  can  detect  precisely  whether  this 
region  is  fully  amorphized  or  not.  This  is  important 
from  the  point  of  view  of  post-implantation  annealing. 

Above  the  dose  of  full  amorphization,  only  the  depth 
and  the  width  of  the  c/a  interface  are  in  question.  With 
this  method  we  can  determine  these  parameters 

The  depth  limit  in  silicon  at  this  wavelength  (X  = 
6328  A)  is  about  2000  A.  At  shorter  X,-  the  sensitivity  is 
better,  but  the  depth  limit  is  less.  At  longer  X,  the 
situation  is  the  opposite.  Naturally,,  if  we  measure  at 
different  wavelengths  (spectroscopic  ellipsometry).  the 
method  becomes  better. 

To  check  the  elhpsometnc’  results  we  made  RBS 
measurements.  The  evaluated  damage  profiles  can  be 
compared  directly  with  the  profiles  (histograms)  ob¬ 
tained  from  MAI  ellipsometry  (see  fig.  3).  The  number 
of  layers  in  the  optical  model  is  a  result  of  a  comprom¬ 
ise  between  resolution  and  the  required  computing  time 
(The  time  grows  with  the  square  of  the  number  of 
layers). 

The  agreement  between  the  results  obtained  by  the 
two  different  methods  seems  to  be  very  good. 

5.  Summary 

We  developed  an  optical  model  for  MAI  ellipsome- 
try  to  determine  damage  depth  profiles  in  lon-im- 
planted  semiconductors  To  describe  a  realistic  profile. 
It  IS  enough  to  use  a  few  fitting  parameters.  To  demon¬ 
strate  the  method,  we  measured  data  on  Ge-implanted 
silicon.  We  checked  our  results  by  RBS. 


The  method  can  be  generalized  easily  for  spectro¬ 
scopic  ellipsometry. 
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Limitations  of  the  spreading  resistance  technique  for  ion  implant 
profile  measurements 

J.  Montserrat,  J.  Bausells  and  E.  Lora-Tamayo 

Centro  Narional  de  Microelectrdnica  -  CSIC,,  Universilal  Auldnoma  de  Barcelona,  0819i  Bellaterra,  Spain 


The  mam  problem  with  the  spreading  resistance  technique  is  that  it  yields  a  net  carrier  concentration  profile  measured  on  a 
beveled  sample  and  this  may  be  quite  different  from  the  corresponding  dopant  profile  due  to  carrier  spilling  We  have  made 
theoretical  and  experimental  studies  of  this  phenomenon  to  evaluate  the  accuracy  of  the  technique  to  measure  lon-implanted  profiles 
We  see  that  errors  are  important  when  a  pn  shallow  junction  is  formed  with  low  implant  doses 


1.'  Introduction,  the  spreading  resistance  technique 

In  the  research  and  development  of  new  processes 
used  in  the  fabrication  of  semiconductor  devices  it  is 
fundamental  to  know  the  dopant  impurity  profiles  To¬ 
day  the  most  used  process  to  introduce  dopant  impuri¬ 
ties  in  a  semiconductor  is  ion  implantation.  Characteii- 
7ation  of  implanted-ion  profiles  can  be  performed  by 
physical  techniques,  such  as  SIMS  or  RBS,  or  by  electri¬ 
cal  methods.  Among  the  electrical  profiling  methods  for 
the  last  few'  years  the  spreading  resistance  (SR)  one  [1.2] 
has  been  the  most  widely  used  in  silicon. 

SR  u.ses  two  small  probes  of  tungsten-osmium  alloy 
separated  by  a  very  short  distance,  typically  50-100 
pm  The  probes  are  moved  in  steps  across  the  surlace  of 
the  sample  to  be  studied,  measuring  the  resistance  in  a 
small  region  immediately  under  the  probe  tip,s.  The 
system  has  a  high  .spatial  resolution.  We  can  bevel  the 
samp'c  with  a  small  angle  and  then  by  probing  on  this 
beveled  surface,  we  obtain  a  measurement  of  the  resis¬ 
tance  versus  depth 

Because  of  the  intrinsic  complexity  of  the  contact 
variables  between  probe  and  .sample.  SR  cannot  be  used 
for  absolute  measurements.  Instead,  probes  are  pre¬ 
pared  to  standardize  the  mechanical  contact  parame¬ 
ters  Measurements  are  then  made  by  compari.son  to 
calibration  curves  generated  for  a  particular  .set  of 
probes  on  bulk  silicon  samples  with  uniform  and  known 
resistivity,  having  the  same  conductivity  type,  crystallo¬ 
graphic'  orientation  and  surface  fini.sh  as  the  test  speci¬ 
mens  Since  SR  is  a  comparison  tcchi  •■,ue.  the  accuiacy 
of  the  results  is  strongly  dependent  on  the  achievement 
of  a  high  degree  of  reproducibility  both  of  the  probe 
contact  and  of  the  surface  finish  on  calibration  samples 
and  test  specimens.  Probe  tips  are  conditioned  by  using 
the  Gorey-Schneider  probe  grinder  [3].  To  standardize 
the  sample  preparation  samples  are  wax-mounted  on 


beveling  fixtures  having  the  desired  bevel  angle.  They 
are  polished  w'llh  fine  diamond  abrasive  in  an  oil-based 
slurry  on  a  frosted  glass  plate  [3].  With  this  procedure  a 
polished  surface  with  a  sharp  bevel  edge  is  obtained. 

The  resistance-depth  profile  data  are  converted  to  a 
resistivity  profile  through  the  calibration  curves  and  a 
boundary  effect  correction  procedure  based  on  the  mul-- 
tilayer  approach  of  Schumann-Gardner  [4]  Finally  the 
earner  depth  profile  is  obtained  with  an  improved  ver¬ 
sion  of  Irvin’s  curves  (5). 

Thf  advantages  of  SR  are  its  speed  and  that  it  can 
measuie  on  a  wide  range  of  resistivities  and  depths  Its 
disadvantages  are  the  need  for  calibration  and  that  it  is 
a  destructive  technique 


2.  The  carrier  spilling  problem 

The  operation  of  semiconductor  devices  is  de¬ 
termined  by  the  free-carrier  distribution  but  for  the 
process  engineer  it  is  more  important  to  exactly  know 
the  dopant  distribution  to  fix  the  technological  process. 

A  fundamental  limitation  of  SR  is  that  it  measures 
ihe  free-carrier  density  profile,  and  usually  this  does  not 
agree  with  the  corresponding  dopant  concentration  pro¬ 
file  This  differences  are  more  important  when  the  dop- 
i.ig  profiles  are  very  steep  This  iS  the  ease  of  profiles 
obtained  by  ion  implantation  In  the  case  of  a  pn 
junction  there  are  aKii  difference-  because  of  the  .space- 
charge  region  between  the  two  iones 

becau.se  of  the  doping  density  gradient,,  there  is  a 
diffusion  current  A  spatial  charge  distribution  and  an 
electric  field  appear  and  an  equilibrium  situation  is 
reached  within  the  semiconductor,  where  at  different 
points  the  doping  concentration  is  different  from  the 
free-carrier  concentration  This  free-carrier  redistribu¬ 
tion  IS  known  as  "cairicr  spilling"  All  electrical  char- 
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actenzation  techniques  are  affected  by  this  phenome¬ 
non. 

In  addition,  to  measure  a  depth  profile  it  is  necessary 
to  bevel  the  sample  and  this  introduces  an  additional 
redistribution,  because  the  boundary  conditions  over 
the  surface  change.  Gauss’  law  requires  the  potential 
lines  to  bend  up  perpendicularly  to  the  bevel  surface. 
Physically  this  is  accomplished  by  a  divergence  of  car¬ 
rier  spilling  which  becomes  two-dimensional  in  the 
vicinity  of  the  bevel  [6] 

If  we  have  a  pn  junction,  there  is  a  metallurgical 
junction  (MJ)  where  the  dopant  concentration  of  the 
surface  layer  becomes  equal  to  the  opposite-type  dopant 
substrate  concentration.  There  is  an  electrical  junction 
(EJ)  where  the  free-carrier  concentration  is  minimum. 
When  we  measure  the  electrical  junction  with  SR  on 
bevel  we  obtain  the  “on-bevel”  electncal  junction.  This 
point  IS  where  maximum  resistance  occurs. 

In  order  to  know  the  free-carrier  distribution  for  a 
known  dopant  distribution,  it  is  necessary  to  solve  the 
two-dimensional  Poisson  equation  for  this  structure  [6] 
If  the  bevel  angle  is  small  the  effect  of  beveling  is 
equivalent  to  planar  material  removal  and  then  it  is 
possible  to  make  a  set  of  one-dimensional  simulations 
for  the  different  vertical  sections  [7].  We  have  made 
some  theoretical  and  experimental  studies  to  evaluate 
the  influence  of  carrier  spilling  in  the  SR  measurements. 
We  have  solved  the  tw'o-dimensional  Poisson  equation 
in  beveled  samples  to  find  the  free-carrier  distribution 
for  a  given  dopant  distribution  in  several  cases  of  inter¬ 
est  in  order  to  determine  the  differences  when  on  bevel, 
where  SR  measures.  We  have  prepared  some  samples  by 


making  ion  implantations  and  annealings  in  different 
conditions.  The  samples  have  been  characterized  by  SR 
and  SIMS.  Process  modelling  has  also  been  done. 

3.  Results  and  discussion 

Firstly  the  case  of  a  shallow  highly  doped  p-type 
layer  is  studied.  A  boron  ion  implantation  with  a  dose 
of  1.0  XlO'-  cm“‘  was  made  into  an  n-type  silicon 
wafer  with  a  nominal  resistivity  of  4-5  0  cm  (Nj,  =  1.0 
X  10'*  cm“*).  This  wafer  was  annealed  at  950  °C  dur¬ 
ing  30  min  in  inert  ambient  in  order  to  activate  the 
dopant  impunties  and  to  remove  the  crystallographic 
defects  created  by  the  ion  implantation.  A  carrier  pro¬ 
file  was  obtained  from  SR  measurements  using  a  SSM- 
130  made  by  Solid  Stale  Measurements  Inc'.  The  calcu¬ 
lation  of  carrier  concentration  from  SR  values  was 
made  using  the  software  supplied  by  SSM. 

In  this  case  in  bulk  of  the  sample  the  holes  originat¬ 
ing  in  the  surface  layer  spill  in  the  underneath  region 
and  the  EJ  in  depth  is  deeper  than  the  MJ.  However,,  in 
the  region  where  the  bevel  crosses  the  MJ  this  situation 
changes  and  the  electrons  originating  in  the  substrate 
spill  into  the  superficial  layer  near  the  bevel. 

The  simulation  of  the  process  was  made  with 
SUPREM-4  [8],  a  two-dimensional  process  simulation 
program,  including  an  etch  step  to  make  the  beveled 
region.  Then  this  structure  was  introduced  in  PISCES 
(9],  a  two-dimensional  device  simulation  program,  to 
calculate  the  corresponding  free-carrier  distnbution.  The 
result  is  plotted  in  fig  1.  We  can  .see  that  the  level 


Fig  1  Two-dimensional  plot  of  a  beveled  sample  with  a  pn  junction.  Solid  lines  are  the  level  contours  of  hole  concentration  and  the 

dashed  line  is  the  metalluigical  junction 
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contours  of  hole  concentration  are  parallel  to  the  origi¬ 
nal  surface  of  the  sample,  but  when  they  approximate  to 
the  bevel  surface  suddenly  they  bend  up.  As  SR  mea¬ 
sures  on  bevel  it  finds  that  the  EJ  is  shallower  than  MJ. 
In  fig.  2  the  predicted  dopant  and  free-carrier  profiles  in 
depth  in  the  nonbeveled  region,  and  the  free-carrier 
profile  along  the  bevel  surface  have  been  plotted,  with 
the  distance  scaled  to  the  vertical  depth.  This  simulation 
is  compared  to  the  actual  SR  measurement.  Results  are 
presented  in  the  same  figure.  The  predicted  on  bevel  EJ 
is  in  good  agreement  with  the  measured  values,  and  is 
shallower  than  MJ. 

Then  we  m^de  the  same  process  but  with  a  low  ion 
implantation  dose  ( D  =  1.5  x  lO"  cm“^).  In  fig.  3  the 
simulated  profiles  are  plotted.  Here  we  see  that  the 
relative  difference  between  on-bevel  EJ  and  MJ  is  much 
more  important  We  also  see  a  shift  in  the  depth  of  the 
distribution  maximum.  This  can  introduce  errors  if  we 
use  the  SR  technique  to  determine  the  mean  projected 
range  of  the  distnbution  profile  of  dopant  atoms.  More¬ 
over,-  the  area  under  the  on-bevel  carrier  profile  is  lower 
than  the  area  under  the  acceptor  impurity  profile  This 
can  introduce  errors  in  the  measure  of  ion  implantation 
do.ses  Finally  we  do  not  obtain  the  first  metallurgical 
junction 

For  a  number  of  cases  of  interest  a  two-dimensional 
technological  process  simulation  has  been  used  to  ob¬ 
tain  the  dopant  atom  distribution  and  MJ.  and  a  two- 
dimensional  electrical  simu.ation  to  calculate  the  free 
carrier  distribution  and  D  We  studied  B  ion  implanta- 


Fig.  2.  Simulated  and  measured  conteniratioii  profiles  for  a 

high  ion  implantation  dose  ( - )  dopant  profile  in  depth., 

( . — )  free-carrier  profile  in  depth,  ( . )  on-bevel  car¬ 

rier  profile,  and  (••••)  free-carrier  profile  obtained  ov  SR 
mea.surements 


. . 


Depth  (pm). 

Fig  3  Simulated  concentration  profile.s  for  a  low  ion  implanta-- 


tion  dose  ( - )  dopant  profile  in  depth,  (- - )  free- 

carrier  profile  in  depth;  and  ( . )  on-bevel  cerrier  profile 

tion  with  do.ses  ranging  from  1.0  x  10'"  to  32x10" 
cm'"  at  100  keV.  in  an  n-type  substrate  (Ai,=  l,0x 
10" cm'")  and  annealings  at  1150°C'in  s  conventional 
furnace  in  inert  ambient  during  different  times,  from  10 
to  720  min 

In  fig  4  the  ratio  EJ/MJ  versus  ion  implantation 
do.se  is  plotted  for  several  annealing  timies  In  fig  5  the 
difference  between  on-bevcl  EJ  and  MJ  is  plotted  versus 
MJ  for  several  ion  implantation  doses  Finally.-  B  im- 


Fig  4  Ratio  between  on-bevel  electrical  junction  and  metal¬ 
lurgical  junction  (FJ/MJ)  versus  ion  implantation  dose  for 
several  annealing  times  [minj 
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plantations  with  doses  ranging  from  lO"  to  4  x  lO'* 
cm“^  at  100  keV  have  been  performed  on  n-type  silicon 
wafers  (A^d^IxIO'-^  cm“’).  After  1000  A  PECVD 
SiOi  deposition  the  samples  have  been  annealed  by 
incoherent-light  rapid  thermal  annealing  during  10  s  at 
1150°C.  The  resulting  profiles  have  been  measured  by 
SR  and  SIMS. 

In  the  SIMS  measurements,  made  with  an  Atomika 
1000.  It  IS  difficult  to  determine  MJ  because  in  the 
range  of  lO'-'  the  measurements  are  very  noisy.  How¬ 
ever..  if  we  compare  the  SIMS  and  SR  tail  region  of  the 
profiles,  the  effects  of  carrier  spilling  can  clearly  be 
seen.  In  the  SR  me.asurements  (fig.  6)  wc  obtain  an 
abnormal  displacement  of  the  distribution  ma.'timum 
towards  the  surface  when  the  ion  implantation  dose 
decreases  This  effect  appears  already  in  doses  at  which 
It  is  impossible  to  explain  it  as  a  consequence  of  carrier 
spilling.  We  think  that  this  effect  can  be  related  to  the 
algorithm  used  to  make  the  transformation  from  the  SR 
depth  profile  to  the  resistivity  depth  profile 

For  the  larger  doses  if  we  compare  the  experimental 
results  with  the  results  of  simulation  tMth  SUPREM  we 
observe  an  enhanced  diffusion.  The  effective  diffusion 
coefficient  is  approximately  4  times  larger  than  that  for 
a  normal  process,  in  agreement  with  known  boron-tran¬ 
sient-enhanced  diffusion  results  [10].  For  the  lower  do¬ 
ses  the  quantity  of  carriers  measured  by  SR  is  lower 
than  the  dose  introduced,  considering  the  reduction 
introduced  by  carrier  spilling.  We  think  that  this  is  due 
to  an  incomplete  activation  of  dopant  impunties  or  to 
the  existence  of  crystallographic  defects  that  favour 


fig  5  Difference  between  mr 'allurgical  junction  (MJ)  and 
on-hevel  electrical  junction  (EJ)  versus  MJ  for  several  ion 
implantation  doses. 


Fig  6  SR  measurements  of  the  free-carrier  pi,  hie  for  several 
ion  implantation  doses  al  100  keV  after  a  rapid  thermal 
annealing 


carrier  recombination,  and  that  have  a  higher  relative 
importance  when  the  carrier  concentration  is  smaller 


4.  Conclusion 

Presently  SR  is  one  of  the  most  commonly  used 
techniques  in  characte^^ing  lon-implanted  profiles 
With  the  improvements  in  sample  preparation,  probe 
conditioning  and  algorithms  for  the  calculation  of  cor¬ 
rection  factors,  highly  accurate  measurements  can  be 
obtamed.  However,  several  problems  have  been  identi¬ 
fied  in  the  last  few  years,  mainly  due  to  the  reduction  in 
device  geometries  SR  measures  an  electrical  on-bevel 
carrier  profile  which  may  be  quite  different  from  the 
corresponding  atomic  dopant  profile.  This  is  due  to 
carrier  spilling  caused  by  doping  density  gradients  and 
special  boundary  conditions  in  a  beveled  surface. 

We  have  studied  this  phenomenon  by  process  model¬ 
ing  to  determine  dopant  impurity  profiles,  and  then 
free-carrier  prvifiles  have  been  calculated  by  solving  the 
two-dimensional  Pois.son  equation  The  main  dis¬ 
crepancy  IS  that  for  any  profile  with  a  junction  the 
on-bevel  electrical-junction  location  will  always  be  shal¬ 
lower  than  the'  metallurgical  junction,  and  also  the  total 
quantity  of  carriers  is  lower  than  the  implanted  dose 

We  have  fabricated  .several  samples  by  making  ion 
implantations  and  annealings  in  different  conditions. 
The  .samples  have  been  characterized  by  SR  and  SIMS. 
The  predicted  results  are  in  good  agreement  with  the 
measured  values. 
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Thermal  wave  characterization  of  silicon  implanted  with  MeV 
phosphorus  ions 
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We  have  performed  laser-induced  photothermal  reflectance  measurements  on  p-type  (1>)0)  silicon  wafers  implanted  with 
phosphorus  in  the  energy  range  of  0  5  to  3  MeV.  The  dose  for  implants  was  varied  from  1  x  lO'"  to  1  X  10'“'  lons/cm^  The  variation 
of  thermal  wave  signal  for  different  implant  angles  and  species  has  been  studied.  The  signal  was  sensitive  to  the  dose,  energy  and  tilt 
angle  of  the  implantation.  We  have  determined  that  this  technique  can  be  used  to  monitor  high  energy  implantations  into  Si 
substrates. 


1.  Introduction 

Photothermal  reflection  spectroscopy  is  a  contact¬ 
less,  nondestructive  and  quick  technique  for  monitoring 
ion  implanter  dose  accuracy  and  uniformity.  This 
method  uses  a  modulated  laser  beam  to  induce  thc>  mal 
oscillations  in  the  silicon  surface  and  a  probe  laser  to 
measure  resulting  fluctuations  in  the  surface  reflectivity. 
The  measured  signal  is  dependent  on  the  level  and 
distribution  of  damage  in  the  surface  layers  of  the 
sample  and  thereby  on  the  implanted  dose. 

Thermal  wave  measurements  on  Si  substrates  im¬ 
planted  with  vanous  ion  species  up  to  the  energy  of  4(X) 
keV  and  doses  ranging  from  1  x  10‘^  to  I  x  lO'^ 
lons/cm^  have  been  reported  previously  [1-4]  It  has 
been  stated  that  this  technique  can  evaluate  a  depth  of 
approximately  3  pm  from  the  sample  surface  and  mea¬ 
sure  a  minimum  dose  of  1  X  10’“/cm^.  Little  has  been 
reported  on  the  usefulness  of  this  technique  for  mom-, 
toring  dose  and  uniformity  in  high  energy  ( >  0.5  MeV) 
ion  implanted  Si  substrates.  High  energy  phosphorus 
and  boron  implantation  are  increasingly  coming  into 
use  for  manufacturing  advanced  IC  chips,  for  example, 
in  fabrication  of  retrograde  wells  and  buried  grid  layers 
to  reduce  soft  errors  in  DRAMs.  We  have  performed 
thermal  wave  measurements  on  p-type  silicon  wafers 
implanted  with  high  energy  phosphorus  ions.  The  sensi¬ 
tivity  of  the  thermal  wave  method  to  do.se  and  energy  of 
high  energy  implantations  into  silicon  is  of  primary 
interest  in  this  study. 


2.  Experimental 

P-type  (100)  Si  wafers  of  150  mm  diameter  with  250 
A  of  thermal  SiOj  were  implanted  at  room  temperature 
with  phosphorus  ions  having  energies  from  0.5  to  3 
MeV  using  a  Genus  1500  X  ion  implanter  at  Micron 
Technology  and  Ion  Implant  Services  The  implanta¬ 
tions  were  done  at  a  wafer  orientation  of  25  °  and  tilts 
of  0  to  7°.  Thermal  wave  measurements  were  taken 
immediately  after  the  implantation  using  a  TP- 300  made 


Fig  1  TW  signal  vs  implanted  dose  for  various  phosphorus 
ion  energies  in  Si 
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En«rgy(M*V) 

Fig  2  TW  signal  as  a  function  of  phosphorus  ion  energy  at 
vanous  doses. 


by  Therma-Wave  Inc.  Contour  maps  of  the  thermal 
wave  signal  and  oxide  thickness  were  generated  in  each 
case  to  check  for  dose  uniformity  across  the  wafers.  The 
results  are  presented  m  otherwise  undefined  “thermal 
wave  units”  presented  by  the  system.  The  reader  should 
not  expect  to  reproduce  the  absolute  values  in  thermal 
wave  units  since  it  depends  upon  the  system  used  and 
the  measurement  and  calibration  procedure  employed. 
In  addition,  the  thermal  wave  signal  can  also  depend  on 
the  surface  states  which  is  a  function  of  sample  prepara¬ 
tion.  However,  the  various  trends  observed  during  this 
study  should  be  universally  repeatable. 
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Fig.  3.  Sensitivity  of  TW  readings  to  implant  tilt  angles  for  2 
MeV  phosphorus  implantation  into  Si 


3.  Results  and  discussion 

Fig.  1  shows  the  variation  in  thermal  wave  (TW) 
signal  with  dose  for  various  energies  of  phosphorus 
implants  into  p-type  Si.  The  standard  deviation  on  the 
contour  plot  was  generally  around  0.5%  for  these  sets  of 
data.  For  the  same  dose,  the  TW  signal  decreases  with 
an  increase  in  energy.  At  the  same  time,  the  difference 
in  TW  signals,  at  different  energies,  decreases  at  lower 
doses.  For  higher  energies,  the  peak  of  the  damage 
produced  during  implantation  lies  deeper  into  the  sub¬ 
strate.  Consequently,-  thermal  waves  propagate  through 
larger  distances  resulting  in  a  smaller  TW  signal.  The 
TW  signal  as  a  function  of  ion  energy  for  various  doses 


rmM-wm  thtom-wave 


Fig.  4.  Contour  maps  of  TW  signal  showing  the  effect  of  channeling  for  2  MeV  phosphorus  ion  implantations  into  Si  at  (a)  0°  and 

(b)7°  tilt,  and  25°  rotation 
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in  plotted  in  fig.  2.  The  sensitivity  of  the  TW  signal  to 
energy  is  small  at  the  dose  of  1  X  10'^  ions  per  cm^. 

Fig.  3  shows  that  the  TW  signal  is  sensitive  to  the  tilt 
angle  during  the  implantation.  The  change  in  damage 
distribution  for  channeling  directions  results  in  a  lower 
signal.  However,  the  percentage  difference  in  the  TW 
signal  between  0  and  7°  implants  is  constant  as  shown 
in  fig.  3.  This  indicates  that  the  random  and  channeled 
fraction  of  the  incident  ions  are  the  same,  below  the 
critical  dose  for  amorphization.  This  gives  rise  to  similar 
differences  in  total  damage  between  0  and  7°  implanta¬ 
tions  at  various  doses. 

Fig.  4  shows  contour  maps  of  the  TW  signal  for  2 
MeV  P  implantation  into  Si  at  0  and  7  “  tilt  angles.  The 
0  and  7°  implants  resulted  in  standard  deviations  of 


Fig  5.  Variation  of  FW  signal  with  implanted  species  Arsenic 
ions  having  the  same  energy  p'oduce  larger  TW  signal  com¬ 
pared  to  phosphorus  ions  implanted  to  the  same  dose. 


6.89  and  0.29%  respectively.  This  large  difference  in 
standard  deviations  is  due  to  the  effect  of  channeling, 
The  TW  signals  for  implants  with  the  same  energy  and 
dose  for  P  and  As  ions  are  shown  in  fig.  5.  The  larger 
signal  for  As  results  from  a  shallower  implant  range  as 
well  as  larger  damage  produced  per  As  ion  compared  to 
P  ions. 


4.  Summary 

Thermal  wave  monitoring  of  high  energy  ion  im¬ 
plants  into  silicon  has  been  performed.  The  sensitivity 
of  the  thermal  wave  signal  to  energy,  dose,  implant 
angle  and  ion  species  has  been  reported.  It  has  been 
demonstrated  that  the  thermal  wave  signal  is  sensitive 
to  energies  up  to  3  MeV  for  phosphorus  ions  implanted 
into  Si.  This  technique  can  be  used  to  monitor  high 
energy  ion  implantations  into  Si. 
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This  paper  presents  innovative  software  developed  to  help  generate  a  temperature  calibration  curve  and  to  mathematically 
manipulate  and  combine  multi-point  wafer  maps  The  software  automatically  applies  the  calibration  curve  to  a  map  of  film 
parameters  to  provide  a  quantitative  map  of  temperature  umformity  Several  process  examples  are  presented  to  demonstrate  the 
flexibility  and  convenience  of  the  software 


1.  Introduction 

Temperature  uniformity  is  a  critical  parameter  in 
RTP  equipment  because  of  the  very  short  duration  of 
the  heating  and  cooling  cycles  Unfortunately,-  it  is 
extremely  difficult  to  measure  temperature  accurately 
and  non-mvasively  at  a  single  point  on  a  wafer  during 
RTP  -  much  less  to  directly  map  temperature  uniform¬ 
ity  over  the  wafer  surface  This  situation  has  led  to  the 
indirect  measurement  of  temperature  uniformity  by 
mapping  an  appropriate  temperature-dependent  mate¬ 
rial  property  of  the  processed  wafer,  such  as  film  thick- 
ne.ss  or  sheet  resistance  Several  techniques  are  currently 
used  for  the  indirect  measurement  of  temperature  uni¬ 
formity  in  RTP  equipment,  including  thermal  oxide 
growth,  activation  annealing  of  very-high-dose  ion  im- 

I  nr  2E16  AS  i/i 
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F'g  1  Sheet  resistance  versus  RTP  tempeiature  for  a  wafer 
implanted  with  arsenic  at  80  keV  with  a  dose  of  2x10'* 
lons/cm^ 


plants,  and  silicide  sintering.  In  order  to  u.se  any  of 
these  methods,  it  is  necessary  to  establish  a  calibration 
curve  of  the  appropriate  materials  parameter  as  a  func¬ 
tion  of  temperature  In  some  cases  it  is  also  necessary  to 
I  ompare  or  mathematically  manipulate  (e  g.  add,  sub 
tract,  ratio  etc,)  the  results  of  several  vxafer  naps,  each 
containing  hundreds  of  data  points.  Doing  this  data 
recuction  by  hand  is  time-consuming  and  does  not  lend 
itstlf  to  routine  process  monitoring  or  quality  control 

2.  Calibration  curves 

The  most  obvious  application  of  generating  a 
calibration  curve  and  applying  it  to  a  wafer  map  is 
mapping  ion  implant  dose  uniformity  from  a  sheet 
resistance  map.  It  is  necessary  to  input  the  sheet  resi.s- 
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Pig  2  Calibiation  curve  of  RTP  anneal  temperature  versus 
sheet  resistance  for  a  10  s  anneal 
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Fig  3  Ti;mperature-uniformitv  map  deiiveU  from  a  sheet-resis¬ 
tance  map  for  a  wafer  RTP  annealed  at  1000°C  tor  10  s 


tance  as  a  function  of  dose  in  the  calibration  curve.  This 
can  be  done  either  from  experimental  results  around  the 
dose  of  mteresi  or  from  calculations  from  SUPREM  or 
othei  process  modeling  software.  The  calibration  curve 
software  can  switch  or  interchange  the  X-  and  T-axes 
which  interchanges  the  independent  and  dependent 
variables.  In  this  case  the  sheet-resistance  and  dose  axes 
are  switched  to  give  a  dose  versus  sheet-resistance  curve. 
The  software  provides  a  polynomial  fit  of  the  raw  data, 
which  is  applied  to  the  sheet-resistance  map  to  generate 
a  dose-uniformity  map. 

3.  Activation  of  ion  implant 

When  rapid  thermal  processing  was  first  introduced, 
the  pnmary  application  was  annealing  ion-implanted 
wafers  [1-3]  *t  was  quickly  observed  that  the  sheet-re¬ 
sistance  uniformity  was  a  very  good  indication  of  the 
temperature  uniformity  during  the  anneal.  Several  round 
robins  [4]  have  been  conducted  by  the  Greater  Silicon 


TIME  (SEC) 

Fig.  4  AG  Associates  csothermal  oxide  thickness  versus  time  for  several  oxidation  temperatures  between  1000°C  and  n50°C. 


IV. A.  Keenan  el  al.  /  RTF  temperature  uniformity  mapping 


271 


Valley  Implant  Users  Group  to  verify  the  uniformity 
and  repeatability  available  from  the  various  RTP 
vendors.  RTP  vendors  themselves  use  ion-implanted 
wafers  as  a  check  of  the  temperature  uniformity. 

An  experiment  was  conducted  using  150  mm  p-type 
(100)  wafers  to  demonstrate  the  software.  A  screen 
oxide  of  200  A  was  grown  on  these  wafers  at  Varian 
Research  using  their  RTP  system.  The  wafers  were  then 
implanted  with  50  keV  arsenic  at  a  dose  of  2  X  lO'* 
ions/cm^.  One  wafer  was  used  to  verify  the  emissivity 
of  the  backside  of  the  wafer  in  order  to  obtain  accurate 
temperature  readings  with  an  optical  pyrometer.  One 
wafer  was  furnace-annealed  to  verify  the  implant  uni¬ 
formity.  The  other  six  wafers  were  processed  at  temper¬ 
atures  ranging  from  950°C  to  1150°C  in  50°C  steps. 
Two  wafers  were  processed  at  1100  °C  to  check  the 
repeatability.  Since  the  pyrometer  is  positioned  below 
the  wafer  and  its  field  of  view  includes  only  a  small  area 
in  the  center  of  the  wafer,  the  center  of  each  wafer  was 
mapped  using  49  sites  and  a  test  diameter  of  1  cm  to 
develop  the  sheet-resistance  versus  temperature  calibra¬ 
tion  curve.  The  average  sheet  resistance  of  each  wafer  is 
plotted  as  a  function  of  the  anneal  temperature  in  fig.  1 


The  software  can  provide  a  third-order  fit  of  the 
data,  as  well  as  second-  and  first-order  fits.  Using  the 
software  to  interchange  the  X-  and  K-coordinates,  fig.  2 
shows  the  data  plotted  as  temperature  versus  sheet 
resistance.  This  provides  the  polynomial  needed  to  con¬ 
vert  any  sheet-resistance  value  into  a  temperature  value. 
One  wafer  had  a  mean  sheet  resistance  of  73.5  fl/D, 
with  a  standard  deviation  of  1.28%.  Applying  the  poly¬ 
nomial  of  fig.  2  to  each  of  the  225  R,  values,  the 
temperature  uniformity  map  of  fig.  3  is  generated.  The 
mean  temperature  is  1008  °C  and  the  standard  devia¬ 
tion  IS  2.8° C  or  0.28%.  The  and  T  maps  are  of 
course  similar  m  appearance  with  the  scale  and  contour 
interval  changed.  The  standard  contour  interval  in  the 
temperature  map  is  1°C,  so  the  distribution  of  tempera¬ 
ture  across  the  wafer  is  easily  visualized.  The  flat  tem¬ 
perature  distribution  i’l  the  center  of  the  wafer  de¬ 
creases  rapidly  toward  the  sides  of  the  wafer.  It  must  be 
emphasized  that  to  reach  the  target  temperature  as 
rapidly  as  possible  the  temperature  was  ramped  up 
extremely  fast,  using  a  ramp  rate  of  200  °  C/.second.  It 
was  to  be  expected  that  this  fast  ramp  rate  would 
seriously  degrad,-  the  uniformity.. 


ELLIPSOMETER  (A) 

Fig  5  Customer  correlation  curve  of  FT  versu.s  ellipsometer  measurements  on  wafers  with  oxides  ranging  from  <  40  to  300  A  in 

thickness,  showing  excellent  agreement. 
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4.  Very  thin  oxide  layers 

One  exciting  recent  application  of  rapid  thermal 
processing  is  growing  of  very  thin  oxides  [4-7].  Fig.  4 
shows  a  .set  of  isothermal  growth  curves  for  tempera¬ 
tures  ranging  from  1000'’C  to  IISO^C  generated  at  AG 
Associates  and  measured  using  an  ellipsometer.  In  order 
to  conveniently  map  oxides  below  100  A,  an  instrument 
must  be  quick  and  extremely  reproducible.  It  would  be 
convenient  if  the  instrument  were  also  accurate.  Unfor¬ 
tunately,  there  is  no  standard  reference  material  (SRM) 
for  very  thin  oxides.  It  is  only  recently  that  the  National 
Institute  of  Science  and  Technology  (NIST)  (formerly 


known  as  NBS)  introduced  a  set  of  three  thermal  oxide 
standards  with  thicknesses  of  500,  1000  and  2000  A. 

The  reference  method  always  cited  in  evaluating  any 
thin-film  thickness  measurement  is  the  ellipsometer.  Fig. 
5  shows  the  results  of  a  customer  study  comparing 
ellipsometer  and  Prometrix  FT  measurements  for  oxides 
ranging  in  thickness  from  40  to  300  A.  The  FT  is  a 
microscope-based  film-thickness  measurement  system 
using  the  CARIS  technique  (constant-angle  reflected 
interference  spectroscopy).  The  resultant  correlation 
coefficient  is  1  and  with  an  offset  of  2  A.  The  FT  has  a 
variable  spot  size  ranging  from  4  to  40  )im  depending 
on  the  objective  used.  The  system  is  capable  of  repeat- 
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Fig.  6.  FT  versu.s  ellipsometer  readings  (19  readings  per  wafer)  for  the  six  AG  Associates  thin  oxide  wafers,  with  nominal  thicknesses 

ranging  from  50  to  150  A 
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F'g  7  ^ox  of  s  nominal  100  A  wafer  for  RTP  oxidation  at 
1100°C  for  20  seconds.  The  mean  oxide  thickness  is  104.8  A 
with  a  standard  deviation  of  4  7  A  The  contour  mterval  is  2  A. 


Fig.  9  Temperature  map  for  1100'  C,.  38  s  RTP  oxide  wafer 
The  mean  temperature  is  1100.3°C  and  the  standard  deviation 
IS  2.46  °  C.  The  contour  interval  is  1  °  C 


ably  measunng  the  oxide  thickness  down  to  less  than  40 
A.  For  the  wafers  used  in  the  thin  oxide  temperature 
mapping  study.  19  FT  measurements  per  wafer  are 
compared  to  the  ellipsometer  results  in  fig.  6.  Six  wafers 
were  processed,  two  at  50  A,  two  at  100  A  and  two  at 
150  A.  The  coefficient  of  correlation  for  this  data  is 
0.999.  The  flyers  or  Mavericks  are  probably  due  to  the 
positioning  accuracy  of  the  ellipsometer  and  its  large 
spot  size  ( -  1  mm)  compared  to  the  small  spot  size  of 
the  FT  (4  pm  =  0.004  mm). 

The  repeatability  of  the  FT  results  on  a  55  A  RTP 
oxide  wafer  measured  daily  for  five  days  was  0.19  A  or 
0.34%,  which  is  excellent  for  such  a  thin  oxide.  The  map 
in  fig.  7  is  an  oxide  thickness  map  made  with  121  sites 
with  a  130  mm  test  diameter.  The  contour  interval  is  2 
A  and  the  standard  deviation  is  4.7  A.  This  oxide  was 
grown  at  AG  Associates  using  a  nominal  temperature  of 
1100°C  for  38  seconds.  Going  back  to  the  isothermal 
T„^  versus  temperature  curves  (fig.  4).  the  data  for  38 
seconds  of  7;,,  was  plotted  versus  temperature  and 


K  Rir  OXIDE  PROCESS  FOR  38  SEtOHDS 


Fig.  8.  Temperature  versus  7^,  for  a  38  s  RTP  oxide. 


converted  into  temperature  versus  oxide  thickness  in  fig. 
8.  The  polynomial  was  used  to  convert  the  oxide  thick¬ 
ness  map  to  a  temperature-uniformity  map  as  shown  in 
fig.  9.  The  average  temperature  is  1 100.3° C  with  a 
standard  deviation  of  2.46  °C  or  0.22%.  The  tempera¬ 
ture  interval  is  1°C  Measurement  time  is  approxi¬ 
mately  5  seconds  per  site,  and  for  121  sites,  this  requires 
about  10  minutes  to  map  the  wafer. 

The  next  wafer  measured  had  been  targeted  for  a  50 
A  oxide  thickness.  The  average  measured  thickness  is  47 
A  with  a  standard  deviation  of  3  A.  The  wafer  was 
processed  at  1050°C  for  20  seconds  The  calibration 
curve  of  T  vs  was  again  derived  from  fig  4  Fig.  10 
shows  the  temperature  versus  oxide  thickness  for  an 
oxidation  of  20  seconds.  The  polynomial  for  this  curve 
was  applied  to  the  map  to  generate  the  temperature 
unifoimity  map  of  fig.  11.  The  mean  temperature  is 
1042.5°  with  a  standard  deviation  of  1.4%.  The  low 
temperature  at  the  back  of  the  wafer  (opposite  the  flat) 
may  have  been  caused  by  the  gas  flow  into  the  chamber 
at  this  point. 
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Fig  10.  Temperature  versus  7;,x  for  20  s  RTP  oxide. 
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Fig  11  Temperature  uniformity  map  for  wafer  with  20  .s 
10f;‘l°C  P.TP  oxide  The  mean  temperature  is  1042  5°C  with  a 
standard  deviation  is  14  73°C  The  contour  interval  is  2‘’C 

The  ability  to  accurately  and  reproducibiy  measure 
oxides  of  this  thickness  makes  temperature  mapping  of 
RTF  equipment  quick  and  convenient. 


5.  Summary  and  conclusion 

The  software  presented  here  provides  the  ability  to 
quickly  generate  calibration  curv'es  and  apply  them  to 


wafer  maps.  In  order  to  use  this  for  temperature  map¬ 
ping.  a  measurable  parameter  such  as  or  R,  must  be 
plotted  as  a  function  of  temperature.  The  software  then 
generates  a  temperature  calibration  curve  versus  the 
parameter.  This  calibration  curve  can  automatically  be 
applied  to  the  parameter  map  to  generate  a  temperature 
map.  The  mapping  temperature  of  an  RTF  system  has 
always  used  some  physical  parameter  of  a  wafer 
processed  in  the  tool.  This  software  makes  conversion 
of  a  parameter  map  to  a  temperature  map  quick  and 
easy. 
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Ion  implant  standard 

L.A..  Larson ' 

National  Semiconductor,  A2S35,  PO  Box  58090,  Santa  Clara,  CA,  USA 

W.A.  Keenan  and  W.H.  Johnson 

Promctrix  Corporation,  3255  Scott  Blvd .  Bldg  6,  Santa  Clara,  CA,  USA 

The  Greater  Silicon  Valley  Implant  Users  Group  (GSVIUG)  has  been  working  with  the  American  Society  for  Testing  Materials 
(ASTM)  and  the  National  Institute  of  Standards  and  Technology  (NIST,,  previously  known  as  NBS)  to  develop  a  standard  for  ion 
implantation.  This  standard  would  address  two  critical  needs  of  the  industry:  (1)  standard  reference  material  (SRM)  for  certifying 
and  calibrating  equipment,  and  (2)  a  recommended  standard  procedure  for  fabricating  such  a  standard. 

The  SRM  would  be  a  wafer  that  had  been  implanted  with  a  specified  species,  energy  and  dose  Its  average  sheet  resistance  and 
uniformity  would  be  certified  to  be  within  certain  tolerances  It  would  be  u.sed  to  verify  the  performance  of  the  four-point  probe  and 
sheet  resistance  mapping  equipment  and  to  calibrate  analytical  characterizatio'*  techniques  such  as  secondary  ion  mass  spectroscopy 
(SIMS).  Rutherford  backscattering  spectroscopy  (RBS)  and  spreading  resistance  profiling  (SRP)  An  unaanealed  sample  could  be 
used  to  calibrate  Thermawave.  elhpsometer  and  other  optical  tools  and  to  verify  annealing  systems  The  standard  procedure  would 
prescribe  the  recommended  steps  to  produce  the  same  wafer  in  the  fab  This  would  help  determine  if  an  implanter  is  operating 
correctly  at  tne  specified  conditions 

We  have  reviewed  all  the  previous  implant  round  robins  and  studies  and  solicited  input  from  implant  vendors  and  implant  service 
organizations  in  recommending  a  set  of  implant  conditions  for  a  proposed  standard  Particular  attention  was  paid  to  the  requirement 
of  stability  over  time  and  minimum  variation  with  ambient  temperature  Fabncation  specifications  for  species,  energy  and  dose  are 
detailed  Plots  arc  also  presented  for  the  sensitivity  to  various  parameters  that  could  influence  the  results,  such  as  substrate  resistivity., 
screen  oxide  thickness,  anneal  time  and  temperature  and  measurement  conditions 


1.;  Introduction  previous  Users  Group  paper  by  Larson  [2]  three  recipes 

were  tested  on  about  50  machines  throughout  the  in- 
In  the  course  of  the  last  five  years  the  Greater  dustry.  It  didn't  help,  the  spread  was  still  at  the  4% 

Silicon  Valley  Implant  Users  Group  (GSVIUG)  has  level.  This  spread  was  shown  to  have  components  both 

held  two  round  robin  experiments  in  an  attempt  to  from  differences  in  the  fleets  of  machines  from  individ- 

develop  a  common  basis  for  discussion  when  differences  ual  manufacturers  and  from  differences  in  the  normal- 

in  dosimetry  are  noticed  [1,2].  The  effort  to  develop  ization  of  those  machines  as  they  are  inseited  into 

these  works  made  it  abundantly  clear  that  no  standard  well-established  fabs. 

exists  either  for  the  results  of  an  implant  or  for  the  The  existence  of  a  standard  is  important  to  form  a 

methodology  to  test  it.  In  the  literature,  three  other  common  basis  for  users  of  both  implanters  and  implant 
works  exist  that  approach  the  same  concerns  [3-5].  All  test  equipment.  In  either  case,  if  a  user  is  entirely 

five  efforts  worked  to  characterize  different  implants.  self-reliant  then  there  is  a  need  only  for  consistency. 

Only  two  of  them  detailed  the  processing  conditions  However,,  the  user  almost  always  wants  to  at  least 

well  enough  for  a  realistic  effort  to  reproduce  the  results  communicate  with  the  manufacturer  of  his  equipment. 

[2,3]  In  the  work  by  Perloff  [3],  the  implant  choosen  At  that  point  both  must  deal  with  the  fact  that  there  is  a 

was  5  X  lO*'*  boron/cm^  at  150  keV  and  it  was  an-  spectrum  of  different  process  and  test  conditions.  The 

nealed  at  950  in  dry  nitrogen  for  30  min.  This  recipe  set  chosen  will  be  the  one  which  makes  the  best  sense  to 

was  implanted  by  85  machines  throughout  me  industry  the  engineer  setting  up  the  equipment.  As  a  result  the 

and  the  wafers  processed  together.  The  results  iiidn,ated  semiconductor  device  manufacturer  has  results  which 

that  there  was  a  spread  in  the  dosimetry  used  in  vanous  can  only  marginally  be  compared  to  those  from  the 

fabs  that  was  as  large  as  4%  in  1-sigma  deviation.  In  the  implanter  manufacturer,  both  of  which  may  be  different 

to  those  the  probing  company  recommends.  Semicon- 
'  Present  address;  Sematech,  2706  Montopolis.  Austin,  TX  ductor  manufacturing  companies  have  to  take  account 
78741,  USA.  of  this  issue  in  particular.  When  processes  are  trans- 
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ferred  between  fabs  a  large  amount  of  the  initial  effort 
is  spent  in  simply  recreating  the  implant  dose!  This  is 
due  to  the  differences  in  calibration  mentioned  above, 
yet  this  is  difficult  and  time  consuming  to  trace  as  each 
fab  (if  not  each  implant!)  has  to  be  individually  cross- 
calibrated. 

The  production  of  an  implant  standard  and/or  a 
standard  procedure  has  been  a  difficult  concept  for  our 
normal  standard  producing  institutions,  the  ASTM  and 
NIST.  The  issue  involved  is  that  the  processing  proce¬ 
dures  necessary  to  do  this  are  sufficiently  involved  (and 
not  standardized  either)  that  the  result  must  necessarily 
be  imprecise.  This  is  a  problem  for  institutions  that  owe 
both  their  pride  and  reputation  to  the  production  of 
materials  and  procedures  to  the  best  available  standard 
of  precision.  The  appropriate  people  in  both  organiza¬ 
tions  have  ag'eed  that  this  is  a  noble  cause  and  are 
willing  to  to  be  “driven”  by  the  implant  community. 
The  purpose  of  this  paper  is  then  to  review  the  work 
which  has  been  done  to  date,  to  examine  the  variabili¬ 


ties  present  in  standard  processing,  and  to  propose  a 
standard  implant  and  process  for  discussion. 


2.  Studies  reviewed 

Previous  round  robins  and  studies  were  reviewed  in 
proposing  an  ion  implant  standard.  A  comparative  list¬ 
ing  of  these  are  provided  in  table  1.  Almost  all  of  these 
papers  stress  the  need  for  standards.  The  first  ion 
implant  round  robin  was  conducted  by  Gan,  '’erloff.- 
and  Wahl  [3]  in  1980.  This  is  the  best  documented 
round  robin  to  date  and  also  the  one  wi'h  best  control 
over  the  wafer’s  variability.  The  authors  provided  all  of 
the  monitor  wafers  for  the  round  robin.  It  was  demon¬ 
strated  that  sheet  resistance  could  be  used  to  cross- 
calibrate  implanters.  A  dose  sensitivity  (that  is  the  per¬ 
cent  change  in  sheet  resistance  divided  by  the  percent 
change  in  dose)  of  0.77  was  demonstrated  as  well  as  an 
energy  sensitivity  of  0.12.  This  paper  was  first  to  call  for 


Table  1 

A  comparative  listing  of  dosimetry  studies  that  have  been  published 


Date 

Authors 

Ref 

Species 

Energy 

Dose 

Comments 

done 

(keV) 

[cm'-] 

1980 

Gan.  Perloff 

NIM(81) 

B 

150 

5X10'“ 

Supplied  wafers, 

and  Wahl 

SST(81)(31 

best  documented, 
call  for  standard 

1982 

Ryding 

NIM(83)161 

B 

50 

5x10'' 

Call  for  process  and 

As 

80 

IXIO'' 

measurement  standard 

P 

80 

2X10" 

1982 

Gruber 

SST  (83)  (7) 

all 

several 

many 

In  process  testing,  4PP. 
spreading  resistance  and  CV 

1982 

Marker!  and 

SST  (83)  (4) 

several 

several 

several 

Species  and  energies  not  identified 

Current 

B 

150 

5xl0‘“ 

1984 

Current  and 

NIM(85) 

B 

180 

lxl0'-,.5xl0'L.lxl0'’,.lxl0'“ 

GSVIUG, 

Keenan 

SST  (85)  [I] 

As 

80 

5x10'’,  5  X 10'“,  5 X  10",.  5x10"' 

.snapshot  of  production  implanters, 
also  checked  4PP  mappers 

1982-85 

Steeples 

NIM(85)(8] 

B 

150 

5X10'“ 

Stressed  need  for  standard, 

As 

80. 160 

1X10'',4X10'',  IXIO'" 

determined  sensitivity  to 
process  parameters 

1986 

Larson  and 

NIM(87)  [9] 

B 

several 

several 

All  /?,  normalized  to  target, 

Kennedy 

As 

several 

.several 

E  and  doses  not  identified 

1986 

Larson 

ECS  (88)  [2] 

B 

80 

3xlO''.3xlO'' 

Restressed  need  for  standard, 

As 

80 

.IxlO'" 

also  studied  all  4PP  mapping 
system 

1988 

Glawischnig 

NIM  (89)111)  As 

80 

3X10'’ 

Also  studied  4PP  system. 

and  Lang 

p 

130 

5x10'’ 

German  Implant  Users  Group 

1988 

Han  et  al 

ICSICT(89) 
(China)  [5] 

B 

60 

lx  10'“ 

Reiterated  call  for  standards 
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an  industry  wide  ion  implant  standard.  Ryding  [6]  used 
sheet  resistance  maps  to  compare  different  Faraday 
designs  and  the  effects  of  pressure  and  beam  current 
and  eiiergy  on  uniformity.  Ryding  called  for  both  pro¬ 
cess  and  measurement  standards  that  would  help 
evaluate  the  performance  of  different  implanters.  Gruber 
[7]  used  different  electrical  testing  techniques,  including 
CV,  sheet  lesistance,  and  spreading  resistance  to 
evaluate  the  performance  of  several  implanters  at 
Siliconix.  A"  the  Siliconix  implants  were  Fsted,  but  no 
attempt  was  made  to  focus  on  a  standard.  Markert  and 
Current  [4]  reproduced  the  conditions  of  the  original 
round  robin  and  also  included  several  other  implants, 
the  energies  of  which  were  ni.-t  specified.  Their  paper 
also  included  data  for  the  double  implant  technique  for 
sheet  resistance  monitoring  of  low  dose.  Results  were 
dso  included  from  Ken  Steeples  of  Eaton/Nova  and 
ti  im  23  different  implanters  within  the  Philips  Corpo¬ 
ration  located  at  nine  locations  in  Europe.  Unfor¬ 
tunately,  the  energies  and  species  of  these  additional 
implants  were  not  specified  Current  and  Keenan  [1], 
under  the  auspices  of  the  Greater  Silicon  Valley  Ion 
Implant  Users  Group  (GSVIUG),  did  a  round  robin  to 
check  the  performance  of  production  implanters  '.eing 


used  by  the  members.  This  “snap-shot”  was  completed 
in  two  months.  The  implant  conditions  were  carefully 
specified,  however  the  participants  supplied  their  own 
wafers.  In  the  course  of  this  study,  five  sheet  resistance 
mapping  systems,  all  OmniMaps.  were  surveyed  using 
boron  implants  ranging  from  1  X  10'^  to  1  x  lO''* 
ions/cm^,..  This  was  the  first  survey  of  implant  monitor¬ 
ing  equipment.  The  need  for  standards  was  reiterated. 
Steeples  [8]  reported  repeatability  results  for  Eaton  im¬ 
planters  including  a  hundred  different  machines  over  a 
three-year  period.  The  species,  energy  and  dose  were 
carefully  specified.  The  Gahn  and  Perloff  energy  and 
dose  conditions  were  included.  The  sensitivity  of  the 
sheet  resistance  to  various  process  parameters  were 
analyzed.  He  strongly  stressed  the  need  for  a  standard. 
Larson  and  Kennedy  [9]  reported  the  results  of  several 
dose  accuracy  experiments  at  National  Semiconductor. 
Unfortunately  the  sheet  resistance  data  were  normalized 
by  dividing  by  the  target  sheet  resistance.  The  actual 
energies  and  doses  of  the  implants  were  rtot  specified 
and  cannot  be  used  to  reach  a  consensus.  Larson  [2] 
later  reported  the  results  of  an  industry-wide  GSVIUG 
round  robin  of  dosing  accuracy.  The  implant  conditions 
were  specified.  The  participants  provided  their  own 


FREQUENCY 

Fig  1.  Histogram  of  the  frequency  of  occurrence  of  energies  and  species  in  implant  dosimetry  studies  (round  robins  and  papers). 
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wafers,  which  introduced  variability  in  substrate  resis¬ 
tivity  and  screen  oxide.  The  need  for  a  standard  was 
again  stressed.  Larson  [10],  using  the  wafers  from  this 
study,  was  also  able  to  evaluate  the  performance  of  all 
the  sheet  resistance  mapping  equipment  available  at  the 
time.  This  is  the  only  evaluation  of  this  type  that  has 
been  published  to  date.  Glawischnig  and  Lang  [11], 
under  the  auspices  of  the  German  Implant  Users  Group, 
conducted  a  round  robin  of  ion  implanters  and  four- 
point  probes.  The  four-point  probe  evaluation  wafers 
were  all  produced  and  measured  at  Siemens  and  sent  to 
twenty  sheet  resistance  mapping  systems.  Twelve  of 
which  were  made  by  Prometnx.  The  implant  round 
robin  implants  included  arsenic  and  phosphorous,  the 
doses  and  energies  of  which  were  specified.  The  par¬ 
ticipants  provided  their  own  wafers,  which  again  would 
contribute  to  some  of  the  variability  of  results.  Han  et 
al.  [5]  conducted  the  first  ion  implant  round  robin  in 
China  in  1988.  The  dose,  energy,  and  species  were 
carefully  specified  and  the  wafers  and  post  processing 
were  provided  by  the  National  Institute  of  Metrology  of 
China.  This  paper  stressed  the  importance  of  establish¬ 
ing  standard  evaluation  procedures  and  standards  wafers 
for  implanters  and  the  implant  process. 

The  histograms  of  fig.  1  show  the  various  energies 
and  species  used  in  the  above  studies.  Arsenic  at  80  keV 
IS  the  overall  winner  as  80  keV  is  a  energy  that  all 


production  implanters  can  produce.  Phosphorus  is  men¬ 
tioned  in  only  two  studies.  Boron  is  reported  in  11 
studies,  with  the  maximum  occurrence  being  for  the 
Perloff  condition  of  150  keV  and  5  X  lO'^  ions/cm^. 
Arsenic  is  the  clear  winner  with  15  studies,  with  an 
energy  of  80  keV  (11  mentions)  and  a  tie  between  i  and 
3  X  lO'*  ions/cm^  dose  (3  mentions  each). 

The  ion  implant  service  companies  were  polled.  There 
was  no  consensus  on  the  energy  or  dose  except  that  80 
and  100  keV  shows  up  repeatedly.  Three  of  the  implant 
machine  vendors  were  sampled.  They  also  showed  no 
consensus.  80  keV  was  used  only  once  even  though  it 
has  appeared  many  times  in  papers  by  the  same  vendors 


3.  Preferred  test  conditions 

The  conditions  for  testing  the  implant  monitor  are 
nearly  as  important  as  the  conditions  of  its  production. 
Unfortunately,  page  limitations  for  this  volume  limit 
the  discussion  of  this  topic.  In  short,  our  preferred 
conditions  are; 

(1)  K&S  probe,  tungsten  carbide  tips.  4  mil  radius  of 
curvature  on  tips,  40  mil  spacing,  100  g  load 

(2)  Dual  configuration  probing  technique. 

(3)  Repeatability  <  0.2%. 


RESISTIVITY  (ohm-em) 

Fig.  2.  The  relationship  of  sheet  resistance  to  test  wafer  resistivity  plotted  together  with  the  sensitivity  to  changes  in  resistivity 
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(4)  Uniform  test  pattern.  <  1  cm’  per  site  between  3  x  10"  and  1  x  lO'Vcm^  These  can  be  im- 

(5)  Probe  current  set  for  a  voltage  of  ~  7.5  mV.  planted  into  wafers  in  the  region  of  1-10  £2.  although 

the  higher  the  substrate  re.isfivity.  the  more  reproduci¬ 
ble  the  result.  The  basic  parameters  cho.sen  for  the  re'* 
4.  Processing  variations  of  this  discussion  are  an  in.^'ant  of  1  X  lO"  lons/cnr 

into  a  10  £2  cm  wafer  of  opposite  conductiMty  type. 

A  study  of  the  variations  possible  in  the  processing 
of  an  implant  has  been  carried  out  using  the  modelling 
program  SUPr,aM-!Il  fi3].  As  one  might  expect,  ai-  Screen  oxide 

most  all  of  the  results  that  can  be  obtained  are  cross- 

coupled  to  all  of  the  previous  choices.  This  is  then  an  Fig.  3  shows  the  effect  of  a  screen  oxide  on  an 

attempt  to  point  out  the  variations  that  can  occur  and  arsenic  implant.  It  also  illustrates  the  sensitivity  , '  the 

to  document  the  variability  of  the  ones  considered  major.  sheet  resistance  to  changes  in  screen  oxide  thickness 

This  was  perhaps  one  of  the  most  startling  results  of  the 
4  I  Dose / substrate  resistivity  simulation:  all  of  the  dopants  showed  a  significant 

variation  in  the  resistivity  depending  simply  on  whether 
The  relationship  of  resistivity /dose  to  substrate  re-  a  screen  oxide  was  there  or  not.  In  each  case,  the 
sistivity  IS  shown  in  fig.  2.  In  that  figure  it  can  be  seen  difference  between  0  A  of  oxide  and  10  A  (in  the 

that  for  an  implant  of  1  x  10  ions/cm^  that  any  base  simulation)  was  significant.  The  general  purpose  of  the 

resistivity  above  5  £2 cm  has  a  variation  of  less  than  .screen  oxide  has  been  to  reduce  channeling  in  implants 

0.5?.  Sensitivity,  as  used  in  this  paper  is  defined  as  the  that  are  susceptable  to  this  effect,,  to  protect  the  wafer 

percentage  change  in  the  sheet  resistance  as  a  function  surface  from  possible  contamination  and  to  raise  the 

of  percentage  change  in  the  driving  parameter.  This  is  surface  concentration.  This  figure  illustrates  that  there 

shown  as  the  second  curve  in  fig.  2.  The  relationship  is  another  very  important  benefit  available  from  using  a 

between  implant  dose  anu  substrate  resistivity  for  a  screen  oxide,  and  that  is  to  make  the  silicon  surface 

given  sensitivity  will  pretty  much  hold  constant  as  long  relatively  independent  of  the  further  treatment  it  te¬ 
as  the  ratio  of  the  two  parameters  is  kept  constant  ceives.  This  figure  shows  that  a  screen  oxide  of  100  A  is 

Other  regions  to  avoid  are  the  onset  of  solid  solubility..  acceptable  in  that  it  does  not  hold  up  a  sizable  per- 

which  IS  most  marked  in  the  region  of  5  x  10"  for  centage  of  the  implant  (3%  for  arsenic),  and  it  is  prefer- 

arsenic,  and  to  avoid  having  a  dose  too  low  to  measure  able  to  no  oxide  at  all  Channeling  implants,  such  as 

reproducibly.  The  acceptable  region  for  dose  is  then  boron  will  benefit  from  an  even  larger  oxide  thickness 


0  too  200  300  400 


Tox  (A) 

Fig  3,  The  effect  of  screen  oxide  thickness  on  subsequent  .sheet  resistance  and  its  sensitivity  to  that  change 
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The  same  figure  for  boron  did  not  show  3%  holdup 
until  a  thickness  of  1000  A. 

4.3.  Anneal 

The  diffusion  i-haractenstics  of  the  dopants  aie  rela¬ 
tively  well  known  and  will  not  be  discussed  further  here. 
There  are  two  basic  points  that  are  appropriate  to 
mention.  The  first  i';,  in  reference  to  the  previous  point, 
the  screen  oxide.  The  difference  between  an  oxidizing 
ambient  and  a  neutral  ambient  is  relatively  large.  The 
presence  of  a  screen  oxide  somewh.at  mollifies  this  ef¬ 
fect.  but  as  it  is  harder  to  maintain  a  neutral  ambient  it 
is  preferable  to  choose  a  mildly  oxidizing  one.  The  other 
point  is  that,  all  enthusiasm  for  rapid  thermal  processing 
aside,  it  is  better  to  have  a  long  hot  anneal  to  reduce 
depth  effects  from  the  implant,  such  as  channeling.  This 
should  also  minimize  non-uniformities  due  to  tempera¬ 
ture  distributions,  as  furnace  anneals  have  been  well 
optimized  to  remove  these  effects.  The  anneal  should  be 
chosen  such  that  the  final  diffusion  depth  is  quite  large 
compared  to  the  implant  depth.  Note  that  this  makes 
the  choice  of  energy  relatively  moot  (it  should  be  80 
keV  in  deference  to  machines  that  don’t  do  more  than 
this!).  The  preferred  parameters,  based  on  this  rea¬ 
soning  are  phosphorus  (fast  diffusion,  low  channeling) 
annealed  at  1000°  C  for  30  min  in  an  ambient  of  5%  dry 
oxygen  in  nitrogen.  In  deference  to  popularity,  arsenic 
IS  a  better  choice.  This  is  considerably  more  popular 
both  as  an  implanted  species  and  as  the  subject  of  tests 
performed  to  date.  It  may  be  expected  that  the  depth 
issues  resulting  from  channeling  will  be  relatively  small. 


5.  Conclusions 

On  the  basis  of  this  investigation,  the  wafer/ 
implant/ process  that  we  propose  as  a  standard  is: 


(1)  Starting  material;  5-10  0  cm  P(IOO)  silicon; 

(2)  Prepared  with  a  screen  oxide  of  100  A; 

(3)  Implanted  with  arsenic  at  80  keV  to  a  dose  of 
1  X  10*“*  ions/cm^; 

(4)  Annealed  30  min  at  1000°C  in  a  5%  dry  oxygen  in 
nitrogen  atmosphere; 

(5)  Probing  should  be  carried  out  with  a  uniform  den¬ 
sity  of  test  sites,  at  least  1  /cm^,  a  probe  repeatabil¬ 
ity  of  <  0.2%  and  a  test  voltage  of  ~  7.5  mV. 

The  SUPREM  analysis  indicates  that  this  should 
“exactly”  have  a  resistivity  of  534.09  Sl/D. 
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Photoresist  subjected  to  high-dose  ion  implantation  tends  to  bubble  and  explode  during  the  plasma  photoresist  stripping  process 
in  single-ssafer  ashers  A  process  has  been  developed  to  achieve  the  goals  of  complete  photoresist  removal  with  no  bubbling  or 
residues.,  minimum  particulates,  and  minimal-CV  shifts  These  goals  are  accomplished  by  suitable  photoresist  pretreatment  and 
optimiration  of  resist  strip  parameters.  Deep  UV  hake  prior  to  implantation  along  w'lth  reduced  platen  temperature  topside-lamp-as¬ 
sisted  ashing  have  resulted  in  a  residue-free  ash  with  a  low-C'V  shift. 


i.  Introduction 

Photore.sist  subjected  to  high-dose  ion  implantation 
(greater  than  5  x  lO'**  lons/cm*)  remains  a  major  chal¬ 
lenge  to  the  engineer  .seeking  to  use  a  single-wafer  resist 
ash  system,  lon-implanted  resist  tends  to  bubble  and 
explode  during  the  stripping  process  in  single  wafer 
downstream  ashers.  This  phenomenon  is  mainly  attrib¬ 


uted  to  the  elevated  temperatures  required  to  obtain  the 
acceptable  ash  rates  which  lead  to  suitable  wafer 
throughputs  for  large  production  facilities  [1].  The  im¬ 
plantation  process  cau.ses  a  carbonized  shell  to  form 
over  the  le.ss  reacted  underlayer  [2].  Thermal  heating 
during  ashing,  which  elevates  the  resist  temperature 
above  the  preimplant  bake  temperature,  cau.ses  solvents 
from  this  underlayer  to  volatilize  and  burst  through  the 


Fig  1  High-dose  lon-implanted  resist  after  partial  ash.  demonstrating  resist  bubbling 
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top  skin  [3]  This  is  shown  in  fig.  1.  These  bubbles 
deposit  resist  particles  over  the  ash  chamber  and  leave 
residues  which  are  extremely  difficult  to  remove  in  the 
asher  or  subsequent  wet  processing  [Ij.  A  suitable 
single-wafer  resist  process  should  meet  the  goals  of: 

(1)  complete  organic  photoresist  removal  with  no  bub- 
oling  or  residues, 

(2)  miniiTidl  particulates  during  ashing, 

(3)  minimal-CV  shifts, 

(4)  understanding  the  ash  properties  of  the  implanted 
resist  (to  allow  process  optimization). 

These  goals  are  accomplished  by  deep  UV  baking  the 
resist  prior  to  implantation  and  developing  reduced- 
temperature  ash  processes  which  remove  the  polymer¬ 
ized  shell  at  a  temperature  lower  than  the  preimplant 
photoresist  bake  An  asher  is  used  which  allows  for 
thermal  heating  nf  the  wafer  by  use  of  a  temperature- 
controlled  platen  and  topside-lamp  ash-rate  accelera¬ 
tion.  Different  thermal  and  lamp  treatments  before  and 
after  implantation,  as  well  as  vanous  resist  ash  processes, 
will  be  detailed  which  lead  to  our  understanding  of  the 
optimal  a.shing  of  heavily  implant-damaged  photoresist. 

Studies  were  carried  out  to  understand  the  chemistry 
and  kinetic  properties  of  the  resist  shell  and  bu'k. 
utilizing  the  ash  rate  of  the  resist  versus  temperature 
and  time  to  obtain  the  activation  energy  of  the  polymer¬ 
ized  shell  and  bulk  and  the  carbonized  shell  thickness. 

2.  Experimental 

The  resist  ash  process  was  developed  on  a  Branson 
International  Plasma  Corporation  L3300  downstream 
asher  (fig.  2).  The  L33(K)  is  a  remote  plasma  chamber 
downstream  asher.  The  plasma  is  generated  in  a  quartz 
chamber  with  external  rf  electrodes.  The  plasma  cham¬ 
ber  is  separated  from  the  wafer  chamber  by  two  90° 
bends  in  order  to  prevent  ion,  electron,  and  UV  light 
migration  into  the  wafer  chamber.  Photoresist  ashing  is 
accomplished  by  reactive  neutral  species  only.  The  wafer 


Fig  2  The  L3300  downstream  asher. 


chamber  and  platen  electrically  float  in  order  to  isolate 
the  wafer  from  charge  damage.  The  wafer  sits  on  or 
above  the  sanable-temperature  controlled  platen.  A 
variable-intensity  quartz  halogen  lamp  provides  topside 
lamp  heating,  providing  100  to  1000  W  of  visible  light. 
Use  of  both  heat  sources  increases  the  tool’s  versatility 
for  reduced-temperature  resist  processes  [3]. 

100  mm  silicon  wafers  with  200  A  oxidation  were 
used  for  particulate  experiments.  The  wafers  went 
through  the  following  steps  in  sequence:  positive  photo¬ 
resist  spin,  bake,  stepper  exposure,  post-exposure  bake 
(110°C,  60  s).  develop  (sodium-free  developer),  implant 
(5  X  lO''’  lons/cm^  P’’’  at  80  keV,  4  mA  beam  current). 
A  two-way  ANOVA  study  was  done  to  determine  a 
suitable  preimplant  resist  treatment  and  an  optimal  ash 
process  with  respect  to  resist  residues.  Six  different 
resist  treatments  and  five  different  ash  proces.ses  were 
evaluated. 

The  pretreatment  splits  are  as  follows’ 

(1)  No  further  bake  ("standard"  process). 

(2)  n0°C  bake  tor  150  s. 

(3)  110°C  bake  for  150  s  followed  by  1000  mJ  (in-, 
tegrated)  flood  exposure  to  light  of  400  nm  wave¬ 
length. 

(4)  Same  as  step  3.  except  that  the  flood  exposure  was 
done  after  implant,  prior  to  the  ashing. 

(5)  Ultraviolet  (less  than  350  nm  wavelength)  exposure 
for  20  s. 

(6)  Ultraviolet  exposure  with  a  230  °C'  bake  for  110  s. 
Note  that  all  pretreatments  were  done  prior  to  implan¬ 
tation  except  for  method  4. 

To  explain  the  asher  splits,  it  is  advantageous  to  first 
describe  the  ash  process  in  terms  of  certain  elemental 
steps.  The  different  splits  use  combinations  of  these 
steps  with  varying  platen  temperature. 

Step  1:  Quartz  pins  hold  the  wafer  above  the  platen 
during  the  Oj/NjO  ash  using  225  W  topside 
lamp  heating.  This  step  is  used  for  slow  heat¬ 
up  during  the  ash  of  the  “skin”. 

Step  II:  The  wafer  is  lowered  onto  the  heated  platen 
during  the  0;/N20  ash  u^ing  225  W  lamp 
heating.  This  step  is  to  complete  the  ash  of  the 
“skill”. 

Step  111:  The  lamp  intensity  is  increased  from  425  to 
500  W  for  the  Oi/N^O  ash  of  the  bulk  resist 
Step  IV:' The  gas  mixture  is  changed  to  N2/4%  H2.- 
using  225  to  500  W  lamp  heating  for  implant- 
dopant  residue  removal  [5] 

Step  V;’  The  gas  mixture  is  changed  back  to  O2/N2O 
with  225  W  lamp  healing  for  final  residue 
cleanup. 

The  five  ash  processes  used  are  described  in  table  1. 
The  major  variables  in  these  ash  processes  are  platen 
temperature,  intensity  of  topside  lamp  heating  and  the 
addition  of  residue  cleanup  processes..  Plasma-chamber 
variables  (pressure,  rf  power.,  gas  flows)  were  found  in 
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Table  1 

Particle  counts  as  a  function  of  pre-ash  and  ash  treatments 
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Ash  treatment 

A 

B 

C 

D 

E 

Avert  ge 

Temperature  [  °  C] 

150 

250 

200 

200 

250 

Steps 

1,2,3 

1.2 

1. 2,3,4 

1.2, 3,4 

1. 2,4.5 

Pre-ash  treatment 
(1)  Nc  bake 

23 

70 

47 

4^ 

66 

50 

(2)  Bake 

31 

55 

60 

49 

10 

60 

(3)  Bake,  visible  light 

(4)  Bake,  visible  hght. 

9 

39 

39 

28 

70 

37 

after  implant 

15 

56 

22 

39 

57 

38 

(5)  UV  flood  expose 

0 

15 

10 

3 

27 

11 

(6)  UV  bake,  200-230  °C 

1 

1 

7 

6 

6 

4 

Average 

13 

39 

31 

28 

56 

previous  studies  [4]  to  play  a  much  smaller  role  and 
were  held  constant  during  the  experiments.  Particulate 
study  and  CV  wafers  were  maintained  in  a  clean  en¬ 
vironment  throughout  the  processing. 

The  Oi/NnO  process  ran  at  600  W  rf  power,  700 
mTorr  pressure  with  500  seem  oxygen  and  30  seem 
nitrous  oxide.  The  N2/4%  hydrogen  process  ran  at  600 
W  rf  power,  800  mTorr  pressure  with  900  seem  of 
nitrogen  mixed  with  4%  hydrogen. 

All  wafers  were  processed  through  a  wet  clean  of 
150  °C  sulfuric  acid  with  bubbled  ozone  prior  to  ad¬ 
ditional  analysis. 

Particulate  studies  were  performed  using  an  Inspex 
EX3500  inspection  system,  examining  residues  larger 
than  0.5  pm  in  the  presence  of  the  implant  pattern  on 
the  silicon 

CV  tests  were  performed  after  ash  on  wafers  with  the 
following  processing:  p-type  wafers  received  400  A  ther¬ 
mal  oxi  Jation  and  were  coated  and  patterned  with  1.1 
pm  of  ahotoresist.  Table  3  shows  the  conditions  used 


for  the  ash  splits.  The  initial  seven  wafers  had  no  resist 
pretreatment  prior  to  ashing  Step  II  alone  was  used  for 
ash.  The  final  twelve  wafers  were  deep  UV-baked  poor 
to  ashing.  These  wafers  were  processed  through  steps  I,. 
II  and  III.  Use  of  step  IV  was  a  variable.  The  wafers 
were  then  processed  through  the  sulfuric/ozone  wet 
strip.  Al/Si  was  sputtered  on,  and  the  metal  mask  was 
defined,  etched  and  removed.  The  wafers  received  a 
450  °  C  forming  gas  anneal,  and  CV  measurements  were 
taken.  CV  charts  used  -5  to  5  V  at  room  temperature 
CV  traces  were  taken  at  room  temperature  with  no  prior 
stress  and  then  at  200  °C  with  -f  12  V  bias  stress  prior 
to  cool-down  and  CV  trace. 

Resist  thickness  measurements  were  taken  [5]  of 
boron-implanted  wafers  (5  X  10'^  ions/cm^  at  80  keV) 
as  they  were  ashed,  using  the  temperature-controlled 
platen.  Wafers  were  ashed  at  temperatures  varying  from 
150®  to  250  ®C  in  order  to  determine  the  temperature- 
dependent  ash-rate  activation  energy  and  the  car- 
bonized-skin  thickness  The  boundary  between  the  car- 


Fig.  3.  Resist  thickness  as  a  function  of  ash  tie  for  high-dose  implanted  resist. 
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bonized  and  bulk  resist  was  determined  to  be  the  point 
at  which  the  slope  of  the  curve  of  resist  thickness  versus 
time  changed  (fig.  3). 


3.  Results 

Fig.  3  shows  resist  thickness  as  a  function  of  time  for 
implant-damaged  resist  at  platen  temperatures  between 
150°  and  250  °C.  A  similar  chart  for  standard,  un¬ 
treated  resist  shows  a  more  linear  curve,  independent  of 
resist  thickness  [5].  These  implant-damaged  wafers  show 
a  shell  thickness  of  0.30  jim  independent  of  the  ash 
temperature.  The  carbonized  shell  is  observed  to  give  an 
ash  rate  of  746  A/min  at  150°C.-  2395  A/min  at 
200  °C  and  4341  A/min  at  250  °C.  This  is  in  contrast 
to  ash  rates  of  4300.  9741  and  15  246  A/minute,  respec¬ 
tively,-  for  the  bulk  resist.  These  much  reduced  a.sh  rates 
at  the  lower  temperatures  are  not  usable  as  they  are  too 
slow  to  ensure  adequate  throughput  through  the  a.sher. 
Topside-lamp  assistance  is  used  at  the  reduced  tempera¬ 
tures  to  increase  the  ash  rate  closer  to  the  |im/min  ash 
rate  required  by  throughput  considerations. 

Table  1  contains  the  particulate  data  from  the 
ANOVA  study  In  related  work,  pretreatment  groups  1.- 
2.  3,  4  and  5  were  observed  to  form  vapor  bubbles  when 
placed  on  a  150°C  platen  (no  reactive  chemistry)  for 
just  30  s.  Group  6  (deep  UV  baked  at  230 °C)  did  not 
form  bubbles  when  placed  on  the  150°C  platen.  Ex¬ 
perimentally.  we  have  found  that  vapor  bubbles  form 
on  heavily  implant-damaged  resist  when  the  platen  tem¬ 
perature  exceeds  the  temperature  of  the  resist  bake. 
Figs  4  and  5  are  bar  graphs  of  p/irticulate  counts  as  a 


Fig  4.  Particle  counts  as  a  function  of  preheat  treatment. 


Fig  5  Panicle  counts  as  a  function  of  ash  process 


function  of  pretreat  and  ash  process  The  lowest  counts 
were  obtained  on  the  wafers  which  were  deep  UV  baked 
prior  to  implantation.  Pretreat  5  received  a  deep  UV 
exposure  but  with  no  thermal  bake.  They  bubbled  and 
exploded  like  the  other  low-temperature  bake  wafers 
during  ashing  but  showed  a  final  particulate  count 
almost  as  good  as  pretreat  6  which  had  the  bake.  Can 
the  elimination  of  the  photosensitive  agents  prior  to 
hiiplantaiion  allow  for  better  ash  results? 

For  tho.se  pretreatments  that  showed  resist  explo¬ 
sions,  the  lowest  residues  occurred  for  ash  processes 
having  the  lowest  temperature,  group  A.  The  amount  of 
residues  increa.sed  with  ash  temperature.  Table  2  shows 
that  variability  is  explained  significantly  by  differences 
in  pretreatment  and  ash  process,  Tukey's  multiple  com¬ 
parison  tests  indicate  that  pretreatments  5  and  6  yield 
lower  particle  counts  than  the  rest  of  the  pretreatments 
The  CV  results  are  shown  in  table  3.  The  best  results  are 
shown  for  the  redueed-temperature  resist  ash  Lamp 
assistance  to  the  resist  ash  is  not  observed  to  degrade 
the  CV  results  at  reduced  temperature  Degradation  of 
the  CV  results  is  demonstrated  as  the  ash  temperature  is 


Table  2 

Analysis  of  variance  using  an  additive  model 


Source 

DF 

%var  expl 

F-ratio 

Significance 

Pretreat 

,5 

59  0 

17  888 

0.0000 

Process 

4 

27  8 

10,553 

0.0001 

Residual 

20 

13  2 

Total 

29 

100.0 
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Table  3 

CV  results  for  different  ash  treatments 


Wafer 

Lamp 

Platen 

control 

control  [  °  C] 

IVl 

1 

control 

control 

-0.088 

2 

0 

150 

-0.117 

4 

0 

200 

-0  15 

6 

0 

250 

-0  1.36 

3 

350 

150 

-0.066 

5 

350 

200 

-0139 

7 

350 

250 

-0.270 

Wafer 

(IV  bake 

Lamp 

Platen 

N2/H2 

AFkb 

temp 

(W) 

temp. 

step 

(VI 

rci 

[°C1 

9 

2.30 

control 

control 

-0.062 

13 

200 

control 

control 

-0.06 

17 

175 

control 

control 

-0  063 

21 

1.30 

control 

control 

-0  057 

10 

230 

170/425 

1.50 

no 

-009 

14 

200 

170/425 

150 

no 

-0082 

18 

175 

170/425 

150 

yes 

-0083 

22 

130 

170/425 

150 

yes 

-0  083 

11 

2.30 

225 

250 

no 

-0  2.3 

15 

200 

225 

250 

no 

-0143 

19 

175 

225 

250 

yes 

-0  20.3 

23 

130 

225 

250 

yes 

-0194 

increased  The  UV  bake  process  alone  shows  no  CV 
result  degradation, 

4.  Discussion 

Photoresist  subjected  to  high-dose  implantation  ex¬ 
plodes  when  the  carbonized  shell  is  ashed  at  tempera¬ 
tures  above  the  preimplant  bake  temperature  Subject-, 
mg  the  implant-damaged  resist  to  thermal  or  lamp 
treatments  prior  to  ash  did  not  reduce  the  tendency  for 
explosion.  Once  the  carbonized  shell  is  formed,  vapor 
movement  through  it  is  limited  Prevention  of  explo¬ 
sions  results  from: 

(1)  removing  the  (reduced  temperature  boiling  point) 
volatile  organic*,  from  the  resist  prior  to  implanta¬ 
tion;, 

(2)  Avoiding  raising  the  resist  temperature  above  this 
bake  temperature  during  the  initial  ash. 

Deep  UV  baking  prior  to  implantation  and  using  a 
reduced-temperature,  topside-lamp-assisted  ash  was  the 
only  methodology  found  in  this  study  to  maintain  ashed 
wafers  which  added  less  than  0  1  particles/cm^  (6  par¬ 
ticles  per  100  mm  wafer).  We  were  unable  to  obtain 
submicron  '“clean”  wafers  using  a  process  which  al¬ 
lowed  the  resist  to  explode.  Redeposited  residues  from 
the  chamber  contributed  to  higher  particulate  counts  on 
the  wafers.  We  conclude  that  the  resist  ash  temperature 


should  not  exceed  the  preimplantation  bake  tempera¬ 
ture.  Chemical  kinetics  limits  the  capability  of  resist 
ashing  of  standard  thermal-baked  resist  (100  to  130°C) 
in  single-wafer  ashers.  It  is  quite  difficult  to  get  reason¬ 
able  ash  rates  on  single-wafer  ashers  for  standard  resist 
below  150  °C  [3],  Lamp  assistance  cannot  bring  the  ash 
rate  above  5000  A  per  minute  without  adding  enough 
thermal  heat  to  the  resist  to  cause  bubbles  and  explo¬ 
sions.  Addition  of  a  secondary  gas  such  as  CF4  or  NFj 
(6]  to  decrease  the  activation  energy  low  enough  to 
cause  ashing  would  be  possible.  Some  loss  of  exposed 
silicon  or  silicon  oxide  could  be  expected.  This  is  gener¬ 
ally  not  acceptable  to  minimal  geometry  1C  processing. 
Future  work  will  examine  alternative  techniques  for 
obtaining  faster  ash  rates  between  100  and  130°C  so 
that  deep  UV  baking  is  not  required  for  a  clean  ash 

Previous  work  [3]  has  shown  the  standard  (nonim 
planted)  resist  ash  rate  to  be  first-order  with  respect  to 
temperature  at  reduced  ash  temperatures  (100  to 
150°C).  A  plot  of  the  natural  log  of  etch  rate  with 
respect  to  inverse  temperature  showed  a  straight  line. 
We  find  that  as  the  temperature  is  raised  towards  250  °C 
for  standard  resist,  the  carbonized  shell  and  bulk  resist, 
the  Arrhenius  plot  levels  off;  the  rate  of  nse  is  not  as 
great  as  expected  for  a  first-order  reaction.  With  the 
increa.sed  temfierature.  an  additional  factor  joins  in  to 
affect  the  ash  rate.  It  is  likely  either  the  amount  of 
reactive  oxygen  reaching  the  resist  surface  or  inter¬ 
ference  of  the  (increased  quantity  of)  volatile  reaction 
by-products  with  the  incoming  reactants.  This  ad¬ 
ditional  effect  is  minimal  from  150  to  175®C.  Using 
this  temperature  range,  we  can  calculate  an  activation 
energy  for  the  resist  ash  rate  of  8.97  kcal/mole  for 
standard  resist..  13  23  kcal/mole  for  the  implant- 
damaged  shell  and  8.04  kcal/i  ’ole  for  the  bulk  of  the 
implant-damaged  resist 

Similar  to  Sibbett  et  al.  [7],  we  see  CV  degradation 
with  increasing  platen  temperature,  though  the  magni¬ 
tude  IS  less  The  worst  case  result  m  this  study  is  a 
three-fold  degradation,  compared  to  the  control,  to  0  28 
V.  It  IS  unexpected  to  observe  no  CV  degradation  with 
lamp  assistance  at  150  or  200  °C,.  as  a  noticeable  in- 
crea.se  is  observed  for  250  °C  As  the  asher  is  designed 
to  eliminate  energetic  ion  bombardment  and  (plasma 
generated)  UV  light,  this  leaves  thermal  migration  of 
sodium  contamination  m  the  resist  (1  ppm  nominal)  as 
the  most  probable  cause  for  the  increase  in  the  CV  shift. 
The  ash  time  should  then  be  minimized  to  reduce  the 
exposure  of  the  thermal  oxide  to  sodium. 
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The  requirements  ULSI  devices  are  placing  stringent  dem.  ids  on  ton  source  design,  ion  beam  optics  and  system  design  The 
problems  include  lower  beam  energies,  the  need  for  precisely  controlled  profiles  both  at  low  and  high  energies,  wafer  charging 
control,  and  ion  beam  punty.  This  paper  di.scusses  the  physics  of  the  ion  beam,  specifically  the  plasma  that  exists  within  the  ion 
beam,  as  it  affects  these  problems 


I  Introduction 

This  paper  discusses  the  ways  in  which  ion  beam 
system  designs  may  have  to  respond  to  the  shrinking 
dimensions  and  vertical  doping  profile  requirements  of 
submicron  devices. 

The  lowest  energy  required  and  the  corresponding 
dose  of  implants  are  falling.  Device  manufacturers  re¬ 
quire  shallow  dopant  profiles  with  .steep  cutoffs  and 
with  usable  throughputs,  and  may  need  full  amorphtsa- 
tion  for  channeling  and  diffusion  control.  Techniques 
for  producing  sufficiently  high  currents  down  to  5  keV 
are  discussed. 

A  major  theme  of  this  paper  is  the  plasma  that  exists 
within  space-charge-neutralised  ion  beams.  Measure¬ 
ments  of  beam  plasma  parameters  are  presented,  as  well 
as  theoretical  methods  of  calculating  the  potentials  and 
fields  within  the  beam,  and  their  use  in  computer  mod¬ 
els.  Further.-  since  the  wafer  environment  is  a  plasma, 
the  conditions  that  will  most  effectively  control  wafer 
charging  can  be  determined  using  plasma  physics  tech¬ 
niques 

The  dopant  profiles  obtained  using  low-energy  boron 
or  BF2  can  be  compromised  by  channeling,  or  in  some 
ion  implanter  architectures  by  fast  atoms  or  10ns.  High- 
energy  dopant  profiles  are  also  vulnerable  to  con¬ 
tamination  with  slow  atoms  or  ions.  The  shrinking 
geometries  and  the  use  of  vertical  transistors  are  placing 
stringent  requirements  on  the  control  of  these  effects, 
and  Doth  are  de,scribed. 

2.  The  optics  of  high-current  low-energy  ion  beams 

2.1  Available  boron  currents 

High  current  ion  implanters  have  for  some  years 
delivered  from  10  to  27  mA  of  certain  dopant  ions  at 

*  Invited  paper.. 


energies  of  40  keV  and  above,  but  the  most  crucial 
interest  is  m  sufficient  boron  for  source/ dram  implants 
at  energies  down  to  5  keV  and  even  lower.  Fig.  1  shows 
that  the  typical  behaviour  of  implanter  ion  beam  sys¬ 
tems  IS  for  the  beam  current  to  fall  steeply  below  a 
certain  threshold  energy.  Two  mechanisms  dominate 
this  decrease,  both  having  a  characteristic'  dependence 
on  beam  energy  Space-charge  forces  (the  self-repulsion 
of  the  beam  ions)  tend  to  make  the  beam  diverge;  this 
effect  IS  well  known  to  be  inversely  proportional  to 
beam  energy  to  the  power  3/2.  The  second  mechanism 
IS  the  matching  of  the  ion  beam  emiltance  to  the  geo¬ 
metrical  acceptance  of  the  system  [1].  (Beam  emittance 
is  the  product  of  minimum  beam  cross  section  and  the 
divergence  solid  angle.)  Emittance  is  inversely  propor¬ 
tional  to  the  beam  energy,  but  the  geometrical  accep¬ 
tance  of  the  beamlme  hardware  is  usually  fixed.  As  the 
beam  energy  is  reduced,  the  fraction  of  the  ions  trans¬ 
mitted  will  fall,  and  neglecting  other  effects  would  fall 
linearly  with  energy.  Thus  in  all  systems  it  can  be 
predicted  that  at  a  low  enough  energy  the  combination 
of  these  two  effects  can  cause  a  current  dependence  on 
the  5/2  power  of  beam  energy 

From  fig  1  It  can  be  seen  that  the  behaviour  of  a 
typical  modern  high-  current  implanter  exhibits  a  rapid 
falloff  fitting  this  description  below  about  10  keV,  and  a 
less  steep  falloff  between  10  and  about  20  keV.  Fig.  1 
also  shows  the  current  required  to  implant  60  150  mm 
diam  wafers  per  hour,-  as  a  function  of  beam  energy. 
This  falls  with  energy  as  the  required  depth  of  dopant  is 
reduced. 

The  PI  9200.  fitted  with  the  optional  “low-flow”  ion 
source,  has  five  times  the  boron  current  of  today’s  other 
high-current  implanters  at  5  keV.  Rea.sons  include  the 
low  beam  divergence  and  the  very'  large  geometrical 
acceptance  of  the  short  beamline,  due  in  part  to  the  20 
keV  extraction  energy  from  the  ion  source.  This  reduces 
the  magnet  radius,  and  reduces  the  range  of  energies 
over  which  the  ion  beam  extraction  must  be  controlled. 
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Energy,  keV 

Fig.  1  Boron  ion  currents  available  on  the  PI  9200  high-current  implanter  and  on  another  typical  commercial  implanter  Solid  line 
theory,  see  text.  Dashed  line-  the  currents  required  to  achieve  60  wafer/hour  throughput  on  150  mm  wafers  at  the  projected  doses  are 

also  shown 


The  “low-flow”  ton  source  ts  modtfted  to  produce  a  mA  with  a  divergence  of  ±2.5®  (it  would  be  less  at 

smaller  beam  with  about  1/3  the  divergence  of  the  higher  energies)  and  an  average  mass  of  23  amu  is 

standard  source.  Fig.  2  shows  the  computer  modeling  of  assumed.  The  boron  is  assumed  to  compri,se  a  fifth  of 

a  5  keV  boron  beam  from  BF,:  The  total  current  is  37  the  total  current,  the  remainder  being  fluonde  fractions 


Fig  2  Ion  source  extraction  system  for  PI  9200  “low-flow”  ion  source,  modelled  by  SORCERY  [2]  37  mA  total  beam  current,  with  a 
mean  mass  of  23  Divergence  at  right  is  ±2  5°.  With  losses.  4  7  mA  of  B*  ions  at  5  keV  should  reach  wafers 
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4kV  measured 


Fig  3  CompariMin  of  SORCERY  predictions  and  measured  divergences  for  20  keV  argon  beams  for  the  Applied  “low-flow"  ion 

source 


from  the  BF,  gas.  Of  this,  about  60%  is  assumed  to  be 
transmitted,  giving  about  4,5  mA  boron. 

It  IS  assumed  in  the  computer  model  (2,4)  that  the 
ions  are  extracted  from  a  plasma  with  a  temperature  ol 


3.5  eV.  No  a  prion  assumption  of  plasma  boundary 
shape  or  beam  shape  is  made:  the  ions  are  assumed  to 
have  a  velocity  slightly  greater  than  the  Bohm  velocity 
with  some  transverse  “thermal"  component,  and  the 


Fig.  4.  (a)  The  practical  limit  for  argon  beam  current  in  electrostatically  scanned  implanters  (b)  The  .space-charge  cutoff  limit  (c) 
Experimental  maximum  argon  currents  versus  energy,  measured  through  a  ±  35  mrad  defining  aperture,  with  no  magnetic  analysis 
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potentials  are  calculated  by  iterative  solution  of  Pois¬ 
son's  equation.  The  physical  validity  of  the  model  was 
tested  for  a  number  of  cases  running  20  keV  argon 
beams  where  the  current  was  varied  from  25  to  60  mA. 
The  predicted  beam  divergence  was  compared  with 
measurement.  Three  different  focus  voltages  were  used. 
The  comparison  of  measurement  with  predicition  is 
shown  in  fig.  3. 

2.2  Space-charge  limits 

Space-charge  effects  limit  the  electrostatically 
scanned  beams  of  medium-current  implanters  to  about 
1  mA  at  40  keV,.  because  beam  expansion  becomes  too 
great  and  too  hard  to  control.  A  more  fundamental 
limit  arises  at  approximately  50  times  this  current:  At 
this  point  the  space-charge  causes  a  potential  hill  on  the 
axis  of  the  beam  so  great  as  to  stop  any  following  ions. 
This  is  an  unattainable  current  known  as  the  space- 
charge  limit,  which  IS  almost  independent  of  the  dimen¬ 
sions  of  the  beam.  Fig.  4  shows  the  space-charge  limit 
for  argon. 

In  high-current  implanters  as  in  isotope  separators, 
electrostatic  fields  are  eliminated  from  the  beamhne 
allowing  electrons  to  become  trapped  and  neutralise  the 
beam  space-charge.  Suppression  voltages  are  applied  to 
prevent  loss  of  these  electrons  at  accelerating  gaps. 

Space-charge  neutraliseo  beams  of  currents  many 
times  greater  than  the  space-charge  limit  can  be  trans¬ 
ported.  Overlaid  in  fig.  4  is  the  beam  from  the  “low- 
flow"  ion  source,  measured  after  travelling  for  1  m 


without  magnetic  analysis  and  through  an  aperture 
limiting  its  divergence  to  ±  1.8°.  The  maximum  attaina¬ 
ble  current  at  energies  from  2  to  45  keV  was  plotted. 
The  data  is  well  above  the  space-charge  limit,,  and  its 
overall  dependence  on  energy  is  close  to  linear'  it  is 
clearly  unrelated  to  space  charge  and  the  limit  may  be 
beam  emittance,  since  this  would  give  a  linear  scaling 
law. 

2. 3.  The  ion  beam  as  a  plasma 

The  main  theme  of  this  paper  is  the  fact  that  a 
plasma  (an  approximately  neutral  mixture  of  ions  and 
electrons)  exists  within  many  ion  beams.  The  large 
difference  in  mass  means  that  electrons  and  ions  do  not 
exchange  significant  energy,,  whilst  electrons  rapidly 
exchange  energy  with  each  other  and  thermalise,  long 
before  the  ions  have  moved  a  significant  distance. 
Without  this  mechanism  space-charge  neutralisation 
could  not  be  so  effective,  since  electrons  onginating 
outside  th:  beam  would  simply  oscillate  from  side  to 
side,  contributing  little  to  the  space  charge  at  the  beam 
centre,  but  because  of  it  the  electron  density  n^  is  given 
by  a  Boltzmann  factor, 

=  exp(eK//cT),  (1) 

where  the  potential  V  is  assumed  to  be  zero  at  the 
centre  of  the  beam  and  negative  everywhere  else  accessi¬ 
ble  to  the  olasma.  T  is  the  temperature  of  the  electrons, 
and  the  other  symbols  have  their  usual  meanings. 


Fig.  5.  Graph  of  calculaled  beam  plasma  parameters. 
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As  the  beam-generated  plasma  is  atypical  it  is  worth  The  beam  ion  density  on  the  axis  is  approximately 

describing  our  understanding  of  it  in  some  detail.  The  equalled  by  the  slow-ion  density  at  this  pressure.  As  the 

beam  ionises  a  small  fraction  of  the  residual  gas,  provid-  slow-ion  cloud  continuously  expands  radially  towards 

ing  a  source  of  eiectrons.  Another  source  is  secondary  the  wall  and  the  ions  gain  speed,  the  slow-ion  density 

electrons  emitted  when  energetic  ions  or  other  electrons  drops  a  little,  but  near  the  wall  the  beam  ions  are 

strike  the  walls.  The  beam  generates  almost  stationary  almost  absent.  The  electron  density  is  very  slightly  less 

ions  by  charge  exchange,  with  a  cross  section  signifi-  than  the  total  ion  density,  except  in  the  region  near  the 

cantly  higher  than  that  for  direct  ionisation.  These  slow  wall  known  as  the  sheath,  where  a  potential  drop  of 

ions  are  repelled  by  the  positive  space  charge  of  the  about  4  to  6  times  kT/e  develops  over  a  very  short 

beam  and  move  radially  outward  until  they  strike  the  distance.  This  is  clearly  visible  in  the  figure.  The  thick- 

walls.  Approximately  one  residual  gas  atom  in  10^  is  ness  of  the  plasma  sheath  is  a  little  greater  than  a  Debye 

ionised  under  typical  conditions.  The  density  of  slow  length  [6]. 

ions  may  equal  or  even  exceed  that  of  the  beam  ions  The  radial  electric  field  that  causes  defocussing  of 

since  they  are  moving  slowly,  so  the  positive  space  the  ion  beam  has  been  determined  from  this  model.  It 

charge  is  raised  by  this  mechanism.  However,  this  traps  increases  from  /eio  on  the  beam  axis,  slowly  rising 

electrons  electrostatically,  and  these  rapidly  come  to  linearly  until  it  approaches  the  plasma  sheath,  then 

thermal  equilibrium.  Holme;.  [4]  descnbes  how  the  tern-  suddenly  increases  to  a  high  value  within  the  sheath 

perature  is  determined  by  an  energy  balance,  but  data  is  The  importance  of  this  result  is  that  not  only  does  the 

not  available  to  permit  realistic  calculation  of  electron  presence  of  the  beam  plasma  almost  cancel  the  tend- 

temperatures.  ency  for  the  beam  to  blow  up  under  space-charge  forces, 

Fig.  5  shows  calculated  beam  and  plasma  parameters  but  the  residual  forces  are  linear,  and  therefore  the 

[4J.  Some  reasonable  assumptions  have  been  made  to  emittanee  of  the  ion  beam  is  conserved.  This  is  an 

simplify  the  m^ideling.  The  beam  is  assumed  to  be  unexpected  result,  since  space-charge  forces  under  other 

travelling  through  a  long  cylindrical  pipe  60  mm  in  conditions  are  usually  nonlinear  and  seriously  degrade 

diameter,  and  to  have  a  Gaussian  current  density  pro-  the  effective  emittanee  of  ion  and  electron  beams.  The 

file.  The  beam  is  10  mA  of  argon  at  20  keV,.  and  the  potential  drop  between  the  centre  of  the  beam  and  the 

pressure  is  10  Torr.  This  pressure  is  probably  realistic  sheath  edge  is  of  the  order  of  kT/e.  and  that  from  the 

for  tne  most  distant  points  from  the  pumps  in  many  centre  of  the  beam  to  tiic  beam  edge  (one  sigma)  is  of 

systems,  oi  for  the  region  close  to  outgassing  wafers  the  order  of  kT/2e.  It  is  possible  to  approximate  the 

undergoing  implantation.  An  electron  temperature  of  4  defocussing  electnc  field  by  the  expression 

eV  IS  assumed,  based  on  measurements  described  later. 

The  potential  at  the  center  of  the  beam  will  fall  to  a  ^  „  kTr 
value  between  5  and  10  times  kT/e..  where  T  is  the  '  «’'‘nux ' 

electron  temperature.  The  computer  model  ha.*-  been 

used  to  solve  for  the  equilibrium  condition  in  which  t.he  and  this  has  been  u.sed  in  the  computer  program  OPTl- 

few  electrons  that  have  sufficient  energy  to  reach  the  Cl  AN  [4]  to  model  high-current  neutralrsed  beams.  The 

walls  balance  the  slow-ion  current.  quantity  is  taken  as  the  outer  edge  of  the  beam;  r 


Fig.  6  Langmuir  probe  plot  obtained  with  1.5  mm  diam  probe,  5  mm  outside  edge  of  20  keV  argon  beam 
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IS  the  radial  coordinate.  The  electron  temperature  is 
typically  taken  to  be  from  1  to  5  eV,  based  on  data. 

Measurements  have  been  made  of  the  ion  beam 
plasma  parameters  by  usin’  Langmuir  probes  Fig.  6  is 
a  plot  taken  with  a  1.5  mm  diam  probe  placed  5  mm 
outside  the  edge  of  a  20  keV  argon  beam.  The  electron 
temperature  is  determined  from  the  region  near  the 
origin  in  which  the  growth  of  current  is  exponential. 
The  almost  flat  region  to  the  left  of  the  origin  shows  the 
saturated  ion  current,  from  which  the  plasma  density 
can  be  calculated.  To  the  right  of  the  origin  the  electron 
cjirent  rises  more  slowly  once  the  plasma  potential  has 
been  exceeded 

Ion  densities  of  3  to  6  X  10^  per  cm'  are  usually 
measured.  In  this  instance  the  electron  temperature  was 
only  0.8  eV,.  but  it  is  observed  that  values  ranging  up  to 
5  eV  are  often  obtained.  One  factor  influencing  the 
temperature  was  found  to  be  the  field  of  an  analysing 
magnet  situated  200  mm  downstream  from  the  probe 
position.  Varying  the  field  from  0  to  0.6  T  caused  a 
temperature  variation  from  0.75  to  1.8  eV  with  other 
factors  held  constant.  All  these  temperatures  are  so  low 
that  the  electric'  fields  are  too  small  to  materially  affect 
the  beam  optics  Note  that  this  fits  with  the  ob.served 
beam  behaviour  shown  in  fig.  4  There  is  also  some 
evidence  that  the  temperature  has  an  inverse  relation¬ 
ship  with  beam  current. 

If  there  are  rapid  fluctuations,  “hash",  in  the  beam 
current,  this  can  upset  the  beam  plasma  A  1  [is  inter¬ 
ruption  of  the  beam  would  cause  a  substantial  loss  of 


plasma  electrons  to  the  walls.  Therefore  a  noisy  ion 
beam  will  tend  to  have  a  higher  plasma  temperature 
than  a  quiet  one.  The  higher  the  beam  current.,  the 
greater  the  sensitivity  to  noi.se.  Under  these  conditions 
the  background  pressure  will  affect  the  recovery  time 
from  upsets  and  hence  can  affect  the  plasma  conditions. 

In  the  book  by  Forrester  [6],  it  is  assumed  that  the 
outer  edges  of  the  ion  beam  peel  off  into  the  sheath  and 
get  deflected  into  the  walls.  In  the  results  of  the  present 
modeling  the  plasma  extends  significantly  bevond  the 
intense  region  of  the  beam,  and  the  electric  field  con¬ 
tinues  to  vary  almost  linearly  well  bevond  the  outer 
beam  ions.  This  depends  on  the  Debye  length,  and 
hence  on  the  pressure,  and  in  practice  this  effect  may  be 
insignificant 


3.  Wafer  charging  control  and  the  beam  plasma 

Immediately  in  front  of  a  wafer  undergoing  implan¬ 
tation  the  pressure  is  quite  high,  typically  1  X  10  ' 
Torr.  becau.se  of  outga.ssing,  sputtering,  and  the  use  of 
argon  gas  as  part  of  electron  flood  .systems  The  neutral 
density  is  in  the  region  of  3  X  lO'*  atoms  per  cm',,  while 
the  ion  and  electron  densities  are  3  X  lO**  per  cm'  Note 
that  the  slow  ions  from  this  plasma  enhance  the  emis¬ 
sion  and  traivsport  of  low-energy  electrons  from  all 
types  of  electron  flood  gun 

There  will  typically  be  several  populations  of  elec¬ 
trons  in  this  region  Direct  measurement  of  all  of  these 


Energy,  eV 

Fig  7  Total  elecron  spectrum  near  wafer,  deduced  from  Langmuir  probe  and  other  data 
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by  a  .single  technique  is  impractical,  .so  evidence  i.s 
assembled  from  different  .sources.  Primary  electrons 
from  the  flood  gun  will  be  present.  Their  energy  is 
determined  by  the  negative  bias  voltage  on  the  filament 
in  the  flood  gun:  this  is  60  to  100  eV  in  the  PI  9200  [7], 
and  somewhat  higher  in  most  other  systems  There  are 
secondary  electrons,  in  some  systems  from  deliberately 
placed  targets,  and  in  others  from  the  walls.  Finally 
there  are  plasma  electrons.  These  are  the  only  ones  that 
are  trapped,  and  hence  their  spatial  density  can  far 
exceed  that  of  the  primaries  or  secondaries.  The  general 
picture  IS  shown  in  fig.  7. 

The  plasma  electrons  play  a  vital  role  in  the  control 
of  charging.  The  current  of  plasma  electrons  to  a  point 
I  n  the  wafer  which  charges  positive  will  rise  exponen¬ 
tially..  according  to  eq  (1).  and  will  rapidly  drop  if  the 
wafer  charges  negative.  The  rate  of  change  is  inversely 
proportional  to  the  plasma  temperature  This  is  dis¬ 
cussed  in  more  detail  in  the  paper  bv  Strain  .t  al.  (8]  in 
this  confe'cnce 


4.  The  control  of  the  implanted  dopant  profile 

4  /  lligh-energ\  implants  and  diallmt  tonianiiiuinis 

Ul.SI  prwesses  using  deep  implants  often  require 
accurate  control  of  the  profile  on  the  shallow  side  of  the 
peak  Some  of  these  are  discus.sed  in  other  papers  in  this 
conference  (9]  Kami  [  1 2|  pointed  out  that  a  very  signifi¬ 


cant  drop  in  surface  concentration  accompanief  strong 
channeling.  This  dopant  reappears  at  a  greater  depth. 
Mechanisms  that  cause  variations  in  the  profile  include 
some  that  are  fairly  universal,  and  some  that  apply 
specifically  to  the  use  of  multiply  charged  ions  to  reach 
the  high  energies.  Fig.  8  illustrates  a  number  of  im¬ 
portant  mechanisms  for  the  case  of  doubly  charged 
boron  ions.  The  well  known  problem  with  doubly 
charged  phosphorus  being  contaminated  with  slow  P* 
ions  from  dissociated  P/  [11]  does  not  occur,-  since 
boron  does  not  form  a  dimer  from  BF,. 

Many  of  these  mechanisms  are  vacuum  related,  and 
none  of  these  can  be  improved  by  the  use  of  an  electro¬ 
static  retarding  filter.  Vacuum  can  be  strongly  affected 
by  wafer  outgassing.  and  in  the  ca.se  of  boron  beams, 
fluorine  outgasses  from  the  analysing  magnet  legion 
where  the  F*.,.  BF^  and  BF.*  ions  are  dumped 

4  2  l.i>w-encrgv  beams  and  deep  eonlaminants 

Channeling  is  the  most  obvious  .source  of  .serious 
deep  tails  on  the  profiles  of  low-energy  boron  implants, 
critical  for  .source/drain  doping.  It  can  be  (wercome  by 
preamorphisation,  which  also  can  help  suppress  en¬ 
hanced  diffusion  during  RTA..  but  the  added  process 
step  has  not  been  welcomed.  Current  [13]  de.scribes  in 
this  conference  the  u.se  of  automated  linked  implants,  in 
which  a  low  dose  of  fluorine  is  used  for  preamorphisa-. 
tion  [14]  at  production-worthy  throughputs 


Depth,  nm 

Fig  8  Diagram  of  pos.sible  energy  contaminants  to  a  B’  ''  beam.  The  ba.se  profile  was  calculated  by  TRIM 
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Depth,  nm 

Fig  9  TRIM  simulation  of  the  profile  of  an  II  keV  boron  implant  obtained  by  retarding  a  40  keV  boron  beam  0  S'?  of  the  boron  is 

neutralised  and  causes  a  deep  tail 


BF/  implants  on  postacceleration  implaniers  are 
vulnerable  to  deep  tails  because  a  fraction  of  the  molec¬ 
ular  ions  can  be  dissociated  to  atomic  boron  tons  prior 
to  the  postacceleration.  These  atomic  ions  have  excess 
veliKity  after  acceleration,  and  penetrate  beyond  the 
desired  profile 

The  problems  of  obtaining  high  currents  of  boron  at 
energies  of  5  keV  and  below  were  discussed  earlier  in 
this  paper.  One  apparent  solution  is  the  use  of  retarda¬ 
tion:  the  ion  beam  extraction  and  analysis  is  all  per¬ 
formed  at  high  energy,  overcoming  space-charge  and 
emittance  problems,  and  then  the  beam  is  retarded 
immediately  prior  to  implant  to  its  final  energy.  This 
approach  has  been  used  very  successfully  under  UHV 
conditions  [15,16],  in  particular  for  retardation  to  en-- 
ergies  at  which  epitaxial  deposition  can  be  carried  out 
However,,  as  a  practical  method  of  carrying  out  source/ 
drain  implants  of  boron  it  will  be  less  successful,  since  it 
will  produce  deep  tails  similar  to  those  previously  dis¬ 
cussed  Boron  has  a  high  cross  section  for  neutralisation 
(a„),  and  practical  beamline  pre.s.sure.s.  for  reasons  al¬ 
ready  discussed,  are  unlikely  to  be  far  below  1  x  10'  ’ 
Torr.  Under  these  conditions  the  fraction  of  boron 
neutralised  is  of  the  order  of  1%.  Neutral  atoms  will  not 
be  I’tardcd,  and  will  penetrate  deeply  into  the  sub¬ 
strate.  Fig.  9  illustrates  the  mechanism:  it  is  synthesised 
from  two  calculations  using  TRIM  [17]  with  ap¬ 
propriate  energies  and  pressures. 

The  boron  or  BF^  profiles  with  the  steepest  cutoff,- 
before  and  after  annealing,  are  obtained  by  means  of 


preamorphisation  and  no  acceleration  or  deceleration 
after  magnetic  analysis. 
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Kxperiniental  results  are  shown  for  the  yield  of  high  charge  state  ions  depending  on  the  field  configuration  and  the  type  of 
microwave  launcher  The  presence  of  an  octupole  improves  the  yield  by  a  factor  of  8  A  tandem  mirror  configuration  improves  the 
yield  by  a  factor  of  7  A  multifilar  helical  antenna  on  the  magnetic  axis  improves  the  vield  by  a  factor  of  2.  Extension  of  the  mirror 
distance,  with  the  mirror  ratio  kept  unchanged,  has  little  effect  on  the  yield 


I.  Introduction 

Multicharged  ions  are  desirable  in  ion  implantion 
since  they  can  be  easily  accelerated  to  high  energies 
without  high  voltage  accelerators.  Upgrading  of  the 
hCR  multicharged  ion  source  has  so  far  been  carried 
out  exclusively  by  elevating  the  microwave  frequency 
and  less  study  has  been  made  on  the  magnetic  field 
configuration  [1|.  Increasing  die  frequency  of  the  micro¬ 
waves  IS  expensive 

We  have  been  studying  an  economical  source  using  a 
low-frequency  microw'ave.  In  the  previous  works  it  was 
established  that  the  multipole  of  the  minimum  B  fields 
should  be  not  so  strong  as  to  enhance  the  cusp  loss  of 
plasma,  and  the  mirror  ratio  should  be  sufficiently  large 
[2.3] 

In  the  present  work  we  studied  how  the  yield  of  high 
charge  state  ions  depended  on  the  field  configuration 
and  the  type  of  microwave  launcher.  The  presence  of  ap 
octupole  improved  the  yield  by  a  factor  of  8  A  tandem 
mirror  configuration  improved  the  yield  by  a  factor  of 
7  A  multifilar  helical  antenna  on  the  magnetic  axis 
improved  the  yield  by  a  factor  of  2.  Extension  of  the 
mirror  distance,  with  the  mirror  ratio  kept  unchanged, 
has  little  effect  on  the  yield. 


2.  Experimental  arrangement 

The  experimental  setup  is  depicted  in  fig  1.  The 
detailed  description  has  been  given  el.sewhere  [3j.  Spa¬ 
tial  distributions  of  the  field  intensities  are  indicated  on 
top  of  fig.  1  The  mirror  field  is  formed  in  two  ways:  by 
a  single  mirror  (A)  and  by  a  tandem  mirror  (B).  The 
minimum  field,  in  who.se  region  plasmas  are  trapped,  is 

'  Present  address.  Faculty  of  Engineering,  Toyama  Prefectural 
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at  an  F.CR  intensity.  A  mirror  ratio.  can  be  varied 
with  a  mirror  distance.  T,,,..  kept  unchanged.  Micro¬ 
waves  of  2  45  GHz  frequency  are  supplied  from  a 
magnetron  along  the  magnetic  field  lines.  Two  tvpes  of 
antenna  are  used;  rod  and  multifilar  helix  [4]. 

Argon  gas  is  introduced  from  the  left  and  Dumped  to 
a  gas  pressure  as  low  as  10  ‘'-UT  ’  Pa.  Ions  flowing 
out  from  'he  right  are  accelerated  by  applying  a  high 
voltage  of  10  kV  to  the  plasma  chamber  insulated  from 
a  beam  tran.sport  chamber  which  is  grounded.  An  ion 
beam  is  mass  separated  with  a  sector  magnet  and  col¬ 
lected  with  a  Faraday  cup.  Total  beam  current  can  be 
collected  with  a  Faraday  cup  placed  in  front  of  an 
extractor 


3.  Experimental  results 

.1./.  Wilh  the  mirror  field  A.  and  the  octupole  field 

The  minimum  pressure  which  microwave  break¬ 
down  occurs  IS  equ.'l  to  about  3  x  lO"'*  Pa.  The  beam 
currents,  mass  .separated,  are  shown  in  fig  2  as  func¬ 
tions  of  p  At  each  measured  point  the  power  is  opti¬ 
mized  to  maximize  high  charge  states.  The  most  abun¬ 
dant  species  extracted  is  Ar’ '  With  increasing  p.  Ar^ 
increases  and  saturates,  while  Ar’*  is  maximized  at 
p  =  1.x  10  Pa  and  then  decreases  below  Ar  *  at  higher 
pre.ssures.  The  pressure  at  which  the  current  is  at  a 
maximum  decrea.ses  as  the  charge  state  rises. 

3  2.  With  the  mirror  field  A.  hut  without  the  octupole  field 

In  this  ca.se  the  minimum  gas  pressure  increases  to 
1  >,'  10'^  Pa.  The  lower  the  charge  state  is.  the  greater  is 
the  current  over  the  relevant  pressure  range.  With  in¬ 
creasing  p.~  the  low  charge  states  saturate,  while  the  high 
charge  states  decrease. 
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Fig.  1  Expentnenlal  setup  C1-C3'  magnetic  coils;  M:  ferrite  magnets,  SM:  sector  magnet;  MG:  magnetron,  GS,  gas  inlet,  PP: 
pumps,  VG  vacuum  gauge;  HV:  high  voltage;  E'  ground;  IS.  insulators,  PL:  extractor;  SL:  slit,  FCl,  FC2.  Faraday  cups.  Top,  B.: 

axial  magnetic  field;  B:  octupole  field. 


3.3.  tyuh  the  mirror  fteld  B  (tandem  mtrror)  and  with  the  distributions  in  both  cases  are  plotted  in  fig.  3.  The  ton 
octupole  field  currents  increase  by  a  factor  of  about  four  over  all 

charge  states.  Ar^”^  is  masked  by  O^'^. 

To  ensure  a  reliable  comparison,  we  changed  the 
mirror  field  promptly  from  A  to  B.  The  charge  state 


Fig.  2.  Variation  of  beam  currents  with  gas  pressure  p  with  the 
octupole  field.  Z  denotes  the  charge  states  of  argon  ions. 
=  2.3,  =  0.76  m. 


1  2  3  4  5  6  7  8 


Z 

Fig  3.  Companscn  of  the  ciiarge  state  distributions  for  the 
single  and  tanden:  minors  with  the  octupole. 
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5.  hhii  /  Improvement  of  an  ECR  multichar^ed  ion  source 
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12  3  4  5 

Fig.  4,  Variation  of  the  total  beam  current,  /v,  wich  increasing 
R  n,  at  L„,  =  0  6  and  0  9  m 


3  4.  Dependence  on  the  mirror  distance 

Keeping  unchanged  we  varied  Fig.  4  shows 
the  total  beam  current,  /v,  as  functions  of  at  two 
extreme  values  of  For  both  cases  the  curves  of  A  is 
peaked  and  the  variation  is  more  gradual  at  larger  L„,. 
The  peak  values  are  nearly  equal. 

3.5  Mult  if  liar  helical  antenna  on  axis 

Instead  of  the  rod  antenna  a  multifilar  helical  an¬ 
tenna  [4]  was  installed  on  the  magnetic  axis.  The  com¬ 
parison  of  charge  state  distributions  with  the  rod  an-- 
tenna  case  is  shown  in  iig.  5  Although  there  are  dif¬ 
ferences  with  fig.  3.  the  differences  in  the  high  charge 
states  are  small. 

3.6  Overall  comparisons  of  data 

We  compare  the  improvements  of  typical  charge 
states  due  to  change  of  the  experimental  conditions, 
including  the  results  of  the  past  experiments,  as  shown 
in  table  1.  The  mirror  ratio  was  varied  with  kept 
unchanged  [3],  It  is  seen  that  is  the  most  effective 
factor  for  obtaining  high  charge  states,  followed  by  the 
octupole  field,  the  tandem  mirror  field,  and  the  antenna 
type.  The  mirror  distance  is  insignificant 


4.  Discussion 

The  electron  temperature,  7^,  ranges  from  5-15  eV 
and  monotonically  rises  with  decreasing  p  [2],  As  7^ 
increases,  peaks  of  the  fractional  abundance  of  ions 


Fig  5  Comparison  of  the  charge  state  distributions  with  the 
rod  and  helical  antenna  with  the  octupole 


shift  to  higher  charge  states  [7).  The  shift  of  the  peaks 
towards  lower  values  of  p  with  increasing  Z  in  fig.  2 
can  be  explained  by  this  temperature  dependence. 

In  the  pievious  work  [2]  we  experimentally  eluci¬ 
dated  that  too  intense  a  multipole  field  is  disadvanta¬ 
geous  in  obtaining  high  density  plasmas  The  cusp  loss 
at  the  wall  was  considered  to  be  large.  The  optimum 
aspect  ratio  of  the  multipole  to  the  mirror  field  can  so 
be  determined  that  the  magne'ic  flux  containing  the 
plasma  does  not  touch  the  sidewtll  of  the  plasma  cham¬ 
ber  between  the  riurror  points  The  pla.sma  diameter  is 
usually  half  the  chamber  diameter.  Approximating  the 


Table  1 

Incremental  factors  due  to  change  of  the  experimental  condi¬ 
tions 


Conditions 

Ion  species 

Ar^-" 

Ar”*" 

> 

4- 

R^-  2.3  -  4.6  - 

4 

6 

15 

Octupole:  off  >  on 

4 

5 

8 

Tandem:  off  ->  on 

4 

7 

7 

0  6  -*  0.9  m 

1 

_  b 

Antenna  rod  -*  helices 

4 

2 

2 

“  Previous  work.  [3] 

'*  Not  measured.  * 


I  -T->- 

1  ;.i'' ' 
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profile  of  the  axial  field  intensity  between  the  mirror 
points  to  be  quadratic  and  that  of  the  multipole  inten¬ 
sity  to  be  proportional  to  where  r  is  the  radial 
distance,  we  get  from  an  equation  of  magnetic  field  line 
the  ratio  of  the  multipole  intensity  at  the  wall  (r=  R), 
B/f,  to  the  minimum  axial  field  intensity  at  the  center 
(/•  =  0),  Bo. 

(n -1)L„  tan- '(/«„, 

where  the  values  of  «  are  equal  to  2  and  3  for  the 
hexapole  and  octupole,  respectively.  This  formula  gives 
a  reasonable  value  for  the  experimental  result  [2]. 

Plasma  loss  due  to  particle  interaction  is  considered. 
The  particle  confinement  time  in  the  magnetic  mirror. 
T,^,.  IS  taken  to  be  the  sum  of  the  momentum  transfer 
collision  time,  t,,,  and  the  flight  time,  t,.- along  the  field 
line;,  the  ions  which  fall  in  loss  cone  and  travel  to  the 
mirror  points  leave  the  mirror  system.  From  a  simple 
calculation,  t,  is  much  larger  than  for  both  Ar^  ^  and 
Ar*'*  even  if  we  overestimate  7",  to  be  10  eV.  The 
charge  transfer  cross  section,  of  the  multicharged 
argon  can  be  expressed  from  ref.  [5,6]  as  =  4  X 
10- m^.  Using  this  formula  it  is  shown  that  the 
charge  transfer  loss  is  negligibly  small  compared  with 
the  flight  loss.  Then  from  the  rate  equation  for  ions: 
d/I, /dr  =  (c»,('e)/io/ie  -  (o„t\)r>on,  -  n  /\  =  0,  where 
o,  IS  the  ionization  cro.ss  section,  and  v,  are  the 
electron  and  ton  velocities,  respectively:  /i,,,.  and  n, 
a/v  the  neutral,  electron,  and  ion  densities,  respectively, 
we  get  «,  =  <<r,(i,)/io/i,Tf  =  (Z.„/X,)(r,/t;,)/i,,  a 
where  A,  is  the  ionization  mean  free  path  of  Ar.  For  the 
tandem  mirror,  L„,  is  doubled,  while  Ar^"^,  which  car¬ 
ries  the  mean  plasma  density,,  is  four  times  larger.. 
Nevertheless,  extension  of  is  ineffective  (fig.  4).  A 
possible  mechanism  is  as  follows:  the  tandem  mirror 
has  two  heating  zones  where  electrons  are  mirror 
trapped.  The  electrons  in  the  loss  cone  in  one  zone  can 
be  trapped  in  the  other  because  they  further  gain  trans¬ 
verse  energy  there  from  the  microwaves.  Thus  the  elec¬ 
tron  density  builds  up.  resulting  in  the  increase  of  the 
ion  density. 

The  helical  antenna  drives  the  whistler  wave  whose 
propagation  is  not  density-limited.  With  this  antenna, 
however,  the  increa.se  in  the  high  charge  states  was 


small,  compared  with  the  low  charge  states.  This  is 
probably  because  the  antenna  comes  into  direct  contact 
with  the  plasma  core  and  cools  the  electrons 


5.  Conclusions 

The  present  work  indicates  several  important  aspects 
in  the  design  of  the  ECR  multicharged  ion  source: 

(1)  The  multipole  field  is  indispensable.  The  aspect 
ratio  of  this  field  to  the  mirror  field  must  be  suitably 
taken. 

(2)  The  large  mirror  ratio  is  much  more  advantageous 
to  the  high  charge  states  than  to  the  low  ones. 

(3)  The  tandem  mirror  system  is  also  advantageous  to 
the  high  charge  states.  The  consequent  long  system  can 
be  shortened  without  lowering  the  plasma  density. 

(4)  By  meeting  these  requirements  an,aipgraded  ECR 
multicharged  ion  source  can  be  expected  even  with 
low-frequency  microwaves. 

(5)  The  ultimate  upgrade  should  be  made  by  using 
high-frequency  microwaves  which  are  much  more  costly. 
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Pre-deposition  implanters,  used  in  semiconductor  device  manufacturing,  need  higher  currents  which  can  only  be  realized  by 
increasing  the  ion  emitting  areas,  i.e.,  the  slits,  of  the  ion  sources.  A  microwave  ion  source  makes  it  easy  to  change  the  form  of  the  ion 
emitting  area.  The  slit  length  is  enlarged  by  up  to  twice  the  pole  gap  of  the  mass  separator  with  the  slit  width  kept  at  the  standard 
value,  2  mm,  in  order  to  maintain  the  required  mass  resolution.  In  the  nondispersion  plane,  the  ion  beam  converges  into  the  pole  gap. 
The  beam  acceptance  of  the  mass  separator  in  the  nondispersion  plane  can  be  changed  by  adjusting  the  inclination  of  the  pole  edge 
of  the  separator  magnet  to  the  ion  beam  in  the  dispersion  plane.  Mass  separated  P  ions  of  more  than  30  mA  and  O  ^  tons  of  more 
than  2S  mA  have  been  obtained. 


1.  Introduction 

Pre-deposttion  implanters  need  higher  currents  to 
increase  the  wafer  throughputs  at  high  dose  levels  dur¬ 
ing  semiconductor  device  manufacturing.  Most  high 
current  ton  implanters  are  composed  mainly  of  a  mag¬ 
netic-sector  mass  separator  and  an  ion  source  which  has 
a  ribbon  beam  extracted  through  a  slit.  Since  the  plasma 
density  of  such  an  ion  source  has  reached  a  maximum. 
It  IS  impractical  to  further  increase  the  demsity  for  the 
purpose  of  getting  the  desired  higher  currents.  Another 
solution  for  higher  currents  is  to  enlarge  the  ion  emit¬ 
ting  area  of  the  ion  source.  Many  optic  modes  of  an  ion 
implanter  have  been  used.  In  conventional  ion  optics 
which  most  ion  implanters  adopt,  the  sector  magnetic 
field  functions  as  a  convex  lens  to  an  ion  beam  in  the 
dispersion  plane  (x.  z).  The  locations  of  the  ion  source 
silt  and  the  mass  resolving  aperture  correspond  to  those 
of  the  object  and  the  image  in  the  dispersion  plane, 
respectively..  Since  the  slit  makes  its  image  at  the  mass 
resolving  aperture,  the  beam  width  at  the  aperture  does 
not  change  no  matter  how  large  and  how  variable  the 
beam  dispersion  angle  at  the  slit  is.  The  slit  width  s  is 
limited  by  the  required  mass  resolution,  a  typical  value 
of  which  is  about  100  for  implantation  into  semiconduc¬ 
tors.  The  mass  resolution  in  a  symmetric-sector 
mass  separator  of  90  °  deflection  is  given  as  follows: 

Rr.  =  r/2s,  (1) 

where  r  is  the  beam  trajectory  radius  in  the  magnetic 
field  and  the  width  of  mass  resolving  aperture  is  equal 
to  s  [1],  In  the  case  of  a  radius  of  400  mm,  for  example, 
the  slit  width  s  should  be  less  than  2  mm  to  maintain 
the  needed  resolution.  On  the  other  hand,  the  slit  length 


should  be  shorter  than  the  gap  between  magnetic'  poles 
of  the  mass  separator  as  long  as  a  parallel  beam  is 
extracted  m  the  nondispersion  plane  {y,  2).  The  typical 
value  of  the  length  for  most  conventional  high  current 
implanters  is  40  mm. 

In  order  to  overcome  these  limitations  in  conven¬ 
tional  ion  optics,  .'itlcen  [2]  has  proposed  an  ion  optical 
system  in  which  the  n.n  source  is  turned  through  90°  so 
that  the  long  dimension  of  the  ion  source  slit  is  in  the 
dispersion  plane.  Then  the  slit  length  is  no  longer  limited 
by  the  size  of  the  pole  gaps  in  the  separator  magnet.  He 
succeeded  in  obtaining  currents  of  30  mA  of  phos¬ 
phorus  and  arsenic  with  an  implanter  adopting  such 
optics.  However,  in  the  dispersion  plane  of  this  optical 
system,  the  mass  resolving  aperture  is  placed  at  the 
focal  point  of  the  convex  lens  of  the  sector  magnetic 
field,  not  at  the  imaging  point  of  the  ion  exit  slit. 
Therefore,  ions  should  be  extracted  in  parallel  to  main¬ 
tain  the  required  mass  resolution.  The  degree  of  the 
parallelism  determines  the  beam  width  at  the  aperture, 
hence  it  also  controls  the  mass  resolution.  In  other 
words,  the  mass  resolution  in  this  optics  is  changeable 
depending  on  operational  conditions  and  characteristic 
variations  of  the  ion  source. 

In  this  paper,  a  new  method  is  proposed  to  increase 
ion  beam  currents  without  reducing  the  mass  resolution. 
In  the  dispersion  plane  (x,  z),  the  ion  source  slit  makes 
its  image  at  the  mass  resolving  aperture  as  in  conven¬ 
tional  separator  optics.  However,  in  the  nondispersion 
plane  (y,  z),  ions  are  extracted  through  a  slit  whose 
length  is  larger  than  the  pole  gap  of  the  separator 
magnet  and  they  are  converged  into  the  pole  gap.  A 
microwave  ion  source  which  is  modified  to  have  a 
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longer  slit  than  the  standard  one  is  adopted  to  combine 
with  this  optics. 


2.  Improvement  of  ion  beam  transmission 

Ion  beam  transmission  in  a  high  current  implanter  is 
mainly  limited  by  the  matching  between  the  beam  emit- 
tance  and  the  separator  acceptance  in  the  nondispersion 
plane  [3],  Fig.  1  shows  an  example  of  the  relations 
between  the  beam  emittances  and  the  separator  accep¬ 
tances  both  in  the  dispersion  plane  and  in  the  nondis¬ 
persion  plane.  In  the  nondispersion  plane  it  is  possible 
for  the  emittance  contour  to  be  improved  to  match  the 
separator  acceptance.  For  improved  matching  it  is  bet¬ 
ter  to  converge  the  beam  to  focus  at  the  middle  point  of 
the  path  in  the  magnetic  field.. 

Typical  ion  trajectories  in  both  planes  are  shown  in 
fig.  2.  Since  the  sector  magnetic  field  acts  on  charged 
particles  as  a  convex  lens  in  the  dispersion  plane,  the 
image  of  the  source  slit  can  be  adjusted  to  be  formed  at 
the  position  of  the  mass  resolving  aperture  as  shown  in 
fig.  2a.  In  the  nondispersion  plane  there  is  no  lens 
effect,  so  long  as  the  ion  trajectory  in  the  dispersion 
plane  is  perpendicular  to  the  field  boundaries  of  the 
magnetic  field  as  shown  in  fig.  2b.  When  the  ion  trajec¬ 
tory  is  not  perpendicular  to  the  boundaries,  thin-lens 
effects  by  the  fringing  magnetic  field  appear  at  the 
entrance  and  exit  of  the  magnetic  field  depending  on 
the  inclinations  of  the  ion  trajectory  in  the  dispersion 


b) 


Separator  nagnet 

c 

r 

t 

y 

Fig.  2.  Ion  trajectories  of  perpendicular  boundaiy  optics.  (a(  In 
the  dispersion  plane:  (b)  in  the  nondispersion  plane 


plane  to  the  field  boundaries  at  the  pole  edges,  as 
shown  in  fig.  3b.  The  focal  lengths  of  the  thin  lenses  in 
the  nondispersion  plane.  /,  at  the  entrance  and  /j  at 
the  exit,  are  given  by  the  following  equations  [4]: 

/,  =  rcotc,,,  (2) 

/2  =  rcotej,-  (3) 

where  c,  and  <2  are  inclination  angles  at  the  entrance 
and  exit  in  the  dispersion  plane,  respectively.  Positive 


Fig  1  Examples  of  beam  emittances  and  separator  acceptances  halfway  from  the  ion  .source  slit  to  the  entrance  of  the  separator 
magnet.  The  ermttances  and  the  acceptances  are  shown  by  dotted  and  solid  lines,  respectively,  (a)  In  the  di.spersion  plane;  (b)  in  the 

nondispersion  plane. 
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Fig  3  Ion  trajectories  of  inclined  boundary  optics,  (a)  in  the 
dispersion  plane;  (b)  in  the  nondispersion  plane 

values  of  the  focal  lengths  mean  convex  lenses  and 
negative  ones,  concave  lenses.  If  the  inclination  angles 
f,  and  are  zero,  there  are  no  lens  effects  in  the 
nondispersion  plane 

The  acceptable  slit  area  which  emits  ions  which  can 
pass  through  the  .separator  magnet  can  be  estimated  by 
simply  drawing  the  ion  trajectories  in  the  nondispersion 
plane  The  acceptable  slit  length.  /,,.  which  includes 
such  an  area  is  expre.s.sed  as  follows' 

/,  =  g(l +2/,/t/ (4) 


jn  -ii'ii  0  -s  •'■‘•‘‘tJivin,; 


Fig.  4  Improvement  of  the  matching  between  the  beam  emit- 
tance  and  the  separator  acceptance'.  Ion  tiajci,loiic.>  (aj  in  the 
dispersion  plane  and  (b)  m  the  nondispersion  plane  In  the 
nondispersion  plane  there  is  a  thin  conc.ive  lens  at  the  magnet 
entrance  and  a  thin  convex  lens  at  the  magnet  exit  Point  P  in 
the  nondispersion  plane  is  the  focal  point  of  the  new  extraction 
lens  of  the  microwave  ion  source. 


where  g  is  the  pole  gap  width,  /,  is  the  distance  from 
the  source  slit  to  the  magnet  entrance,  and  d  is  the 
beam  path  length  in  the  magnetic  field.  In  this  case,  it  is 
assumed  that  the  only  obstructions  to  the  ion  path  are 
the  magnetic'  poles  and  there  is  a  thm-lens  effect  of  a 
focal  length  /,  at  the  entrance  to  the  magnet. 

In  order  to  increase  the  beam  acceptance  of  this 
separator  magnet  in  the  nondispersion  plane,  /,  should 
be  increased.  For  this  purpose,  /,  should  be  a  small 
negative  value  according  to  eq.  (4).  Hence,  t,  should  be 
negative  from  eq.  (2). 

In  order  to  match  the  beam  emittance  with  this 
acceptance,  a  converging  extraction  lens  is  adopted.  A 
new  ion  optics  with  improved  separator  acceptance  in 
the  nondispersion  plane  is  shown  in  fig.  4  In  this  case, 
r=475  mm.  g  =  45  mm.  t,  =  -28°,.  d  =  622  mm.  and 
/,  =  700  mm. 

The  acceptable  slit  length  /,  is  182  mm  which  is 
several  times  longer  than  the  slit  length  of  a  standard 
microwave  ion  source,  40  mm.  If  all  the  ions  from  the 
slit  are  extracted  so  as  to  converge  to  the  point  P  which 
is  230  mm  distant  from  the  entrance  edge  of  the  mag¬ 
netic  pole,  all  of  them  can  pass  through  the  pole  gap. 

With  microwave  ion  sources  it  is  very  easy  to  lengthen 
the  slit,  since  the  volume  of  the  discharge  chamber  can 
be  designed  freely.  Extraction  electrodes  of  a  microwave 
ion  source  are  modified  to  have  a  930  mm  radius  of 
curvature  in  order  to  focus  the  ions  at  point  F.  Hence. 


Acceierafion  Voltage  (  kV  ) 

Fig.  5.  Mass-separated  P*  ion  currenus.  Pure  PH,  gas  was 
introduced  into  the  ion  .source. 
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Acceleration  Voltage  I'kV) 

Fig  6  Mass-separated  ion  currents  O,  gas  was  introduced 
into  the  ion  source. 


the  cro.sstng  point  of  tons  is  really  moved  to  the  center 
of  the  magnet  by  concave-lens  effect  at  the  entrance 
edge.  In  order  to  have  the  emittance  contour  included 
sufficiently  inside  the  acceptance  contour,  the  slit  length 
IS  determined  to  be  80  mr.i  considering  that  there  arc- 
other  obstructions  besides  the  magnetic'  poles  in  the 
actual  beam  path.  This  value  is  twice  that  of  a  .standard 


microwave  ion  source,  but  far  smaller  than  the  accepta¬ 
ble  length  of  182  mm. 


3.  Experimental 

Fig  5  shows  relations  between  mass-separated  P* 
ion  currents  and  extraction  voltages.  Pure  PH,  gas  was 
introduced  into  the  ion  source.  Increasing  the  extraction 
voltage,  ion  currents  tend  to  saturate.  The  saturated 
currents  depended  on  the  PH,  flow  rates  and  the  cur¬ 
rent  values  also  tended  to  increase  up  to  the  flow  rate  of 
2.0  cm'’  atm/min.  The  P"^  ion  current  of  33  mA  was 
obtained  at  the  extraction  voltage  of  60  kV.  The  micro- 
wave  power  was  160  W  and  the  PH,  flow  rate  was  2.0 
cm’  atm/min  The  flow  rate  was  rather  higher  than  that 
of  a  standard  microwave  ion  source.  It  was  assumed 
that  the  higher  flow  rate  was  needed  to  keep  the  neces¬ 
sary  gas  pressure  in  the  discharge  chamber  since  the  slit 
area  was  iwice  that  of  a  standard  ion  .source  The 
percentage  of  P"*  ions  in  all  the  ion  species  extracted 
from  the  ion  source  was  about  70%  as  shown  in  fig.  7a. 
This  value  was  almost  the  same  as  that  of  a  standard 
microwave  ion  source. 

Fig.  6  shows  relations  between  mass-separated  O*' 
ion  currents  and  extraction  voltages.  The  characteristics 
were  very  similar  to  those  of  P*  ions.  Microwave  power 
was  500  W  and  the  O’  flow  rate  was  2.2  cm’  atm/min 
The  O'^  ion  current  of  26  mA  was  obtained  at  the 
extraction  voltage  of  60  kV  The  percentage  of  O*  ions 
111  the  nass  spectrum  was  75%  as  shown  in  fig.  7b.  In 
■  lOth  c  ^^e^  of  PH,  and  O,..  -.o  degradation  of  the  mass 
resolution  could  be  ooserved 
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4.  Conclusions 

A  new  ion  optical  system  which  improves  the  ion 
beam  current  without  reducing  the  mass  resolution  has 
been  described.  A  microwave  ion  source  was  modified 
to  match  the  new  ion  optics  and  the  implant  current 
was  increased  to  about  tv.-ice  that  of  a  conventional 
implanter.  In  the  expenmen*  the  slit  of  the  microwave 
ion  source  was  lengthened  to  twice  the  standard  one. 
However,  from  a  consideration  of  the  separator’s  accep¬ 
tance,  it  is  probable  that  this  length  can  be  extended  to 
more  than  four  times  that  of  the  standard  one.  This 
would  further  increase  the  implant  current. 
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A  plasma  cathode  ion  source  has  been  developed  to  attain  a  long  lifetime  for  oxygen  ion  production.  In  this  ion  source,  an  Ar 
plasma  which  is  non-reactive  plasma  serves  as  a  cathode  for  a  thermionic  hot  cathode  used  in  the  Kaufman  ion  source.  This  ion 
source  consists  of  two  compartments:  (1)  a  plasma  generator,  and  (2)  a  plasma  chamber.  The  plasma  generator  is  used  for  generating 
a  plasma  cathode,  while  the  plasma  chamber  is  used  for  producing  oxygen  ions.  Two  chambers  are  connecteo  to  each  other  by  an 
anode  hole  which  has  narrow  tapered  ducts.  These  two  chambers  are  differentially  pumped  out,  the  pressure  of  the  plasma  generator 
has  to  keep  a  high  pressure,  so  that  the  large  pressure  difference  between  two  chambers  prevents  oxygen  gas  from  flow  into  the 
plasma  generator  Oxygen  gas  fed  to  the  plasma  chamber  does  not  damage  the  thermionic'  hot  cathode  located  in  the  plasma 
generator.  It  has  been  confirmed  that  the  plasma  cathode  ion  source  can  produce  a  stable  ion  beam  and  has  a  long  lifetime.  Mass 
spectrometry  results  show  that  this  ion  .source  has  an  ability  of  generating  a  considerable  amount  of  positive  oxygen  ions 


1.  introduction 

Physical  properties  of  thin  films  produced  by  ton 
assisted  deposttion,  commonly  referred  to  as  lAD,  have 
been  extensively  investigated  [1-5].  It  has  been  found 
that  ion  bombardment  significantly  increases  the  mobil¬ 
ity  of  adatoms  on  a  substrate  surface.  The  packing 
density  of  resulting  thin  films  on  the  substrate  surface  is 
much  higher  than  that  of  a  thin  film  formed  by  th- 
usual  techniques  without  ion  bombardment.  In  the  lAD 
processes,  stable  operation  with  a  long  lifetime  is  re¬ 
quired  because  chemically  reactive  ion  beams  have  been 
extensively  utilized  in  semiconductor  fabrication.  Fur¬ 
thermore,  recently,  a  need  has  arisen  for  an  ion  source 
with  a  large  area  and  uniform  irradiation. 

A  Kaufman-type  ion  source  [6]  has  been  widely  used 
for  lAD  to  produce  a  large-area  ion  beam.  We  have 
constructed  a  new  version  of  the  compact  plasma 
cathode  ion  source  without  a  neutralizer.  The  lifetime  of 
the  Kaufman  type  ion  source  is  limited  by  that  of 
burning  away  a  metallic  hot  cathode  used  in  this  ion 
source.  Therefore,  ion  sources  without  a  metallic  hot 
cathode  should  be  of  great  advantage  in  order  to  in¬ 
crease  the  lifetime  of  the  ion  source..  This  expectation 
has  motivated  us  to  investigate  the  possibility  of  replac¬ 
ing  the  metallic  hot  cathode  u.sed  in  conventional  ion 
sources  by  a  plasma  cathode  [7-12].  In  the  next  section, 
we  describe  a  device  construction  of  the  plasma  cathode 
ion  source.  Measurements  of  properties  for  lAD  are 
presented  in  section  3,  and  concluding  remarks  are 
made  in  section  4. 


2.  Structure  and  operating  principle  of  the  ion  source 

The  structure  of  the  newly-designed  version  of  the 
plasma  cathode  ion  source  is  schematically  shown  in  fig. 
1.  Our  ion  source  consists  of  three  components;  a 
plasma  generator,  a  plasma  chamber  and  an  anode  r.ng. 
These  two  chambers  are  separated  by  an  anode  plate, 
which  is  sandwiched  by  two  ceramic  insulators  with 
small  openings  of  1  mm  in  diameter.  The  plasma  gener¬ 
ator  IS  equipped  with  a  metallic  hot  cathode,  ceramic 
floating  electrodes,  an  anode  plate  and  an  inlet  for  a 
nonreactive  working  gas,  and  the  vessel  wall  is  electn 
cally  floating.  The  vessel  and  the  anode  plate  weic 
cooled  with  water.  The  plasma  chamber  is  a  cylinder,  35 
mm  in  diameter  and  40  mm  in  length,  with  a  gas-feed- 
ing  inlet,  and  an  inside  wall  of  cylinder  used  as  an 
anode  in  the  main  discharge.  The  anode  ring  mounted 
on  the  plasma  chamber  has  a  circular  slit.,  A  plasma 
produced  in  the  plasma  chamber  is  extracted  through 
the  slit  of  the  anode  ring. 

The  essential  points  of  the  design  principle  of  the 
plasma  cathode,  are  as  follows:  Nonreactive  gas  (for 
example  Ar  gas)  is  supplied  to  the  plasma  generator 
with  a  considerably  high  pressure  increasing  the  lifetime 
of  the  metallic  hot  cathode.  The  discharge  in  the  plasma 
generator  is  maintained  between  the  inner  surface  of  the 
small  opening  of  the  anode  plate  and  the  metallic  hot 
cathode.  Then  a  plasma  expands  out  into  the  plasma 
chamber,  forming  the  plasma  cathode. 

An  Ar  plasma  cathode  is  produced  in  the  plasma 
generator  at  a  neutral  pressure  of  0.1-1  Torr.  This 
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Fig.  1  Schematic  diagram  of  the  plasma  cathode  ton  source 


plasnia  flows  into  the  pla.sma  chamber  due  to  the  large 
pressure  difference  between  the  plasma  generator  and 
the  plasma  chamber  generated  by  differential  pumping. 
In  the  plasnia  chamber,,  an  arc  discharge  is  formed 
between  the  pla.sma  cathode  and  the  inside  wall  of  the 
vessel  at  an  operating  pres.sure  of  10“  '-10  ’  Torr  The 
feed  gas  supplied  to  the  plasma  ctiambei  is  loni/ed  both 
by  the  arc’  discharge  and  by  contact  with  the  pla.sma 
cathode  which  has  a  high  temperature  and  density  and 
IS  also  highly  lonl^ed  Neutral  atoms  and  ions  in  the 
plasma  chamber  cannot  flow  back  into  the  plasma 
genet  ator,.  because  of  the  large  pressure  difference  be¬ 
tween  these  chambers,  therefore,  even  a  corro.sive  gas 
fed  to  the  plasma  chamber  never  cau.ses  deterioration  of 
the  hot  cathode  in  the  plasma  generator  This  fact  and  a 
fairly  high  gas  pressure  in  the  plasma  generator  permits 
a  long  operation  of  the  ion  source  and,  moreover,, 
production  of  oxygen  ions.  To  obtain  ion  beams  with  a 
uniform  large  area  of  irradiation,  we  adopted  the  anode 
ring  with  a  circular  slit  A  plasma  produced  m  the 
plasma  chamber  is  extracted  through  the  slit  of  the 
anode  ring  The  plasma  generator  is  normally  operated 
at  discharge  current  1^^  ranging  from  1  to  3  A.  The  arc 
discharge  in  the  plasma  chamber  can  be  operated  with  a 
current  /p^  m  the  range  of  1  to  4  A.  and  in  the  anode 
ring  /jr  up  to  2  A. 


3.  Characteristics  of  the  ion  source 


if 

r 


For  the  experimental  results  reported  in  this  paper, 
the  di.scharge  gas  in  the  plasma  gcneiatui  is  Ai  and  the 
feed  gases  in  the  plasma  chamber  are  Ar  and  O2  The 
discharge  voltage  of  the  plasma  generator,  was 
approximately  between  30  and  50  V,.,  depending  on  the 
its  pressure  and  the  discharge  current  1^^.  The  arc 


discharge  voltage  between  the  plasma  cathode  and  the 
plasma  chamber,.  Fp^..  was  below  100  V,  and  the  voltage 
between  the  plasma  cathode  and  the  the  anode  ring,  F,j, 
was  around  100  V  Ion  current  density  is  measured  by  a 
Langmuir  probe,,  ion  species  are  analysed  by  a  quadru¬ 
ple  mass  spectrometer  and  the  energy  distributions  of 
ions  are  measured  by  a  Faraday  cup  with  three  grids, 
respectively.  Uniformity  of  the  density  distribution  of 
ion  currents  extracted  from  the  ion  source  is  measured 
by  a  movable  single  probe  Fig  2  shows  the  ion  current 
density  distribution  for  various  values  of  the  arc'  dis¬ 
charge  current  l^,.  The  ion  current  density..  /,,.  increases 
as  /j,  IS  increased.  This  enables  us  to  adjust  /,  just  by 
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Distance  from  the  center  of  Ion  Source  (cm) 

Fig  2  Uniformity  of  density  profile  of  the  ion  currents  ex¬ 
tracted  from  the  ion  source 
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Fig  3  A  picture  of  oxygen  plasma  from  the  plasma  cathode 
ion  source. 


tuning  1^,  without  changing  any  other  parameter.  Uni¬ 
formity  of  the  ion  density  at  a  distance  of  15  cm  from 
the  ion  source  in  a  15  cm  diameter  area  was  better  than 
0  85  (minimum  density/ maximum  density).  This  result 
indicate  that  the  anode  nng  is  useful  for  a  large-area  of 
irradiation.  The  operation  of  the  ion  source  is  pictured 
in  fig.  3.  The  lifetime  of  the  ion  source  was  found  to  be 
more  than  100  h  with  argon  gas  and  the  discharge 
currents  of  2  A  in  the  plasma  generator.  It  is  limited  by 
the  metallic  hot  cathode  lifetime  and  deterioration  of 
the  insulator  between  the  electrodes.  The  former  hap¬ 
pens  by  evaporation  of  the  metallic  hot  cathode  and  the 


sputtering  by  Ar  ions,  whereas  the  latter  comes  from 
contamination  on  the  surface  of  the  insulators. 

Fig.  4  shows  ion  mass  spectra  for  four  values  of  the 
arc  discharge  current  /j,  in  the  anode  nng.  It  is  seen 
from  the  spectra  that  Ar^,.  and  02^  ions  are  gener¬ 
ated  in  the  ion  source.  The  peak  values  of  the  spectra 
increase  with  increasing  4^.  In  these  spectra,  the  O ' 
peak  value  is  found  to  be  larger  than  peak  values  for 
any  other  ions.  This  fact  indicates  that  the  arc  discharge 
in  the  anode  ring  can  control  the  ionization  of  the 
plasma. 

The  energy  distribution  of  ions  is  important  for 
thin-film  fabrication.  The  energy  distribution  obtained 
at  two  values  of  the  anode  ring  voltage  are  shown  in 
fig.  5.  The  energy  spread  of  the  peak  value  of  the  beam 
increases  and  the  number  of  peaks  in  the  distribution 
appear  when  the  anode  ring  voltage  is  equal  or 
lower  than  the  plasma  chamber  voltage  (a)  When 
Fj,  >  Kpj.  (b),  the  distribution  shows  only  a  single  peak. 
Our  results  suggest  that  the  ion  energy  distribution  can 
be  easily  controlled  by  changing  F,,. 

The  demonstration  of  ion  assisted  deposition  using 
this  ion  source  was  performed  for  an  optical  thin  film. 
The  substrates  were  fused  silica,  with  the  surfaces 
polished  flat  and  parallel  to  within  a  few  fringes  so  that 
accurate  estimates  of  transmittance  of  the  coated  surface 
could  be  made  taking  account  of  the  multiple  reflec¬ 
tions  between  the  coated  and  uncoated  surfaces  of  the 
substrate.  Neutral  oxygen  could  not  be  introduced  into 
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Fig  4  Mass  spectra  of  ion  beams  for  various  values  of  1^^. 
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Fig  5  Energy  distnbution  of  ion  beams  produced  by  plasma  cathode  ion  source-  (a)  low  anode  nng  voltage,  and  (b)  high  anode  ring 

voltage. 


Fig  6.  Transmittance  of  SiOj  films  on  fused  silica  for  100  eV 
0*/02  ion  bombardment  Film  thickness  in  all  cases  is 
around  100  nm 


the  vacuum  system  to  assist  oxidation  during  reactive 
evaporation  in  this  work.  Fig.  6  shows  the  transmittance 
of  SiO_,  films  of  about  100  nm  physical  thickness.  The 
beam  energy  of  the  ions  was  around  100  eV. 

The  advantage  of  ion  bombardment  is  clear  and  can  be 
seen  by  comparing  the  film  transmittance  for  non¬ 
bombardment  with  that  for  bombardment  present  dur¬ 
ing  deposition. 


4.  Conclusion 

It  was  confirmed  that  a  plasma  cathode  oxygen  ion 
source  can  produce  a  stable  ion  beam  and  has  a  long 
lifetime.  An  ion  source  of  this  type  proves  to  be  useful 
for  producing  reactive  ion  beams.  Furthermore,  it  has 
been  recognized  that  this  ion  source  can  be  used  effec¬ 
tively  for  ion  assisted  deposition  processes. 
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Recently  an  ion  implanter  for  low-energy  ion  doping  during  molecular  beam  epitaxy  has  been  developed  The  unit  consists  of  a 
dual  source  injection  system  operating  at  30  kV  extraction,  a  beam  transport  system  and  a  deceleration  stage,  located  in  an 
ultrahigh-vacuum  MBE  chamber  Tests  have  shown  that  in  the  energy  range  of  150-2000  eV  target  currents  of  up  to  100  nA  can  be 
reached  with  controllable  beam  focu.sing  For  uniform  wafer  implantation  the  decelerated  beam  can  be  electrostatically  scanned  with 
a  lateral  displacement  from  -s  70  to  -  70  mm  at  target  position  To  obtain  sharp  doping  transitions,  the  system  is  designed  to  switch 
within  1  s  between  the  two  independent  microwave  sources. 


I.  Introduction 

Doping  of  silicon  dunng  molecular  beam  epitaxy 
(MBE)  by  the  use  of  co-evaporatton  often  presents 
difficulties  because  of  low  incorporation  probabilities 
and  surface  segregation  effects.  However,  these  funda-. 
mental  problems  can  be  largely  overcome  when  lov.-en- 
ergy  ( <  2  keV)  ion  implantation  is  used  to  dope  the 
growing  layer  [1-4].  Moreover,  a  better  control  of  the 
doping  profile  can  be  achieved  via  target  current  moni¬ 
toring.  In  several  publications  it  has  been  shown  that 
lattice  damage  and  a  decrease  in  electrical  quality  of  the 
wafer  as  a  result  of  low-energy  ion  doping  are  encourag¬ 
ingly  small  [5-7].  These  are  the  main  reasons  for  the 
growing  interest  on  accelerated  ion  doping  during  MBE. 

In  order  to  create  controllable  high  doping  levels  and 
to  have  the  possibility  to  form  sharp  p-n  transitions  we 
recently  developed  a  dual-source  low-energy  ion  im¬ 
plantation  system.  The  system  fits  to  an  already  existing 
ultrahigh-vacuum  Si  MBE  system  at  the  Philips  Re¬ 
search  Laboratones,  which  is  capable  of  handling  6  in. 
wafers  [8).  The  design  aim  was  a  100  (lA  beam  of  boron, 
phosphorus,  germanium  and  silicon  and  implantation 
energies  of  <  2  keV,  with  a  switching  time  of  <  1  s 
between  the  two  sources. 


2.  System  descrir.non 

Fig.  1  shows  a  schematic  layout  of  the  low-energy 
implantation  (LEI)  system.  The  two  microwave  ion 
sources  are  fed  with  fluorine-containing  gases  (BF,,,  PF,.. 
GeF^  or  S1F4).  The  sources  use  the  electron  cyclotron 
resonance  to  obtain  high  ionization  efficiency  and  low 
energy  spread.  A  T-shaped  antenna  couples  the  micro- 
wave  power  into  the  plasma  and  hence  no  filament  is 
needed,  which  ensures  long  lifetime  of  the  .source.  The 
source  operates  at  30  kV  extraction  potential  and  is 
described  in  detail  elsewhere  [9]. 

An  electrostatic  .switcher  selects  one  ion  beam  for 
transport  to  the  MBE  vessel..  After  the  electrostatic 
switcher  a  90°  magnet  and  slit  .system  provide  mass 
separation.  The  slit  system  consists  of  two  pair  of  slits. 
The  first  one.  with  a  fixed  width  is  used  for  mass 
separation  {M/AM  >  W)  whereas  the  second  pair  of 
slits  is  motor  driven  and  controls  and  stabilizes  beam 
current  via  feedback  of  the  target  current.  Moreover  it 
enables  sharp  gradients  in  doping  concentration  to  be 
obtained  in  a  controllable  fa.shion.  After  the  slit  system 
the  beam  subsequently  passes  a  quadrupole-triplet,  a 
90°  deflection  magnet,  an  einzel  lens  and  the  decelera¬ 
tion  stage. 
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Fig  1  Schematic  layout  (side  view)  of  the  LFI  system  (1)  ion 
sources,  (2)  turbom.iiecular  pumps,  (3)  einzel  lenses,  (4)  elec¬ 
trostatic  switcher,,  (5)  90°  magnets,  (6)  beam-profile  monitor 
and  slit  system,  i?)  quadrupole  tnplet.  (8)  cryopumps.  (9) 
beam-profile  monitor,.  (10)  30  kV  insulator..  (11)  deceleration 
stage,  (12)  MBE  vessel,  (13)  4-6  in  wafer  holder.  The  dashed 
line  indicates  the  high-voltage  area.  Items  marked  with  an 
asterisk  are  rotated  90°  for  clarity 

The  optical  de.sign  of  the  system  was  done  by  the  use 
of  computer  simulations  based  on  matri.x  formalism. 
Fig  2  shows  the  beam-transport  simulation  from  the 
source  to  the  entrance  of  the  deceleration  stage.  For  the 
input  parameters  the  High  Voltage  Enginecnng  cold- 
cathode  penning-source  emittance  data  (4it  mm  mrad 
(MeV)'/^)  were  used.  Although  emittance  data  of  the 
microwave  ton  source  were  not  yet  available,  experi¬ 
ments  have  shown  that  the  beam  quality  of  the  micro- 


Fig  2  Beam  transport  simulation  of  the  LEI  system.  The 
picture  shows  the  envelope  and  central  trajectory  with  maximal 
divergence  in  A  and  Y  directions  irom  the  source  to  the 
entrance  of  the  deceleration  stage:  (1)  source  and  einzel  lens, 
(2)  electrostatic  switcher,  (3)  90°  magnet.s,  (4)  quadrupole 
triplet,  (5)  einzel  lens  in  front  of  the  deceleration  stage  Arrows 
indicate  the  position  of  the  beam-profile  monitors 


wave  source  is  at  least  comparable  to  that  of  the  pen¬ 
ning  source 

In  fig.  2  arrows  indicate  the  position  of  two  beam- 
profile  monitors,  which  disolay  the  X  and  Y  beam 
profiles  on  an  oscilloscope.  During  operation  the  beam 
transport  parameters  are  adjusted  to  give  a  waist  at  the 
monitor  positions  which  ensures  a  transport  through  the 
system  in  accordance  with  the  beam  transport  calcula¬ 
tions 

During  operation  the  ion  beam  is  adjusted  to  the 
final  implantation  energy  £„  by  setting  the  total  LEI 
.system  at  a  voltage  of  E^/q  -  30  kV. 

To  ensure  minimal  gas  load  for  the  MBE  system 
during  source  operation,  the  apparatus  is  equipped  with 
a  five-stage  differential  pumping  vacuum  system.  In  the 
beam  line  three  360  1/s  turbomolecular  pumps  are 
followed  by  two  1500  1/s  cryopumps.  and  after  the 
second  magnet  only  metal  sealing  is  used.  Most  of  the 
controls  for  vacuum  operation  and  safety  interlocks  are 
located  at  beam-line  potential  ( E^^/q  -  30  kV).  Controls 
needed  for  operation  during  implantation  are  located 
on  ground  potential  They  are  connected  to  the  system 
at  beam-line  potential  by  light  guides 

The  LEI  .system  is  designed  to  .switch  within  1  s  all 
beam  transport  parameters,  including  implantation  cur¬ 
rent  and  energy,,  from  one  preset  value  (source  1)  to  the 
other  (.source  2)  by  a  one-swttch  operation.  To  obtain 
fast  switching  of  the  magnetic  fields,  the  magnet  power 
supplies  are  especially  designed  lo  rapidly  absorb  or 
supply  electrical  energy.  Moreover  the  magnetic  fields 
are  measured  by  Hall  probes  and  are  fed  back  to  the 
supplies  to  avoid  hysteresis. 

3.  Deceleration  stage 

Before  reaching  the  target,  the  30  keV  ions  are 
decelerated  in  a  multiple-electrode  system  The  unit  is 
partly  placed  inside  the  MBE  vessel  (see  fig.  1)  and 
consists  of  an  einzel  lens  to  match  the  beam  optics  to 
the  actual  deceleration  section,  a  multiple-electrode  sys¬ 
tem  for  deceleration  of  the  ions  and  an  electrostatic 
focusing  and  deflection  system  All  components  that 
might  be  hit  by  the  beam  after  deceleration  are  made  of 
silicon  to  avoid  contamination  of  the  substrate  due  to 
sputtering  Moreover,  all  elements  that  face  the  heated 
target  are  made  of  tantalum,  aluminum  oxide  or  silicon 
to  avoid  outgassing  during  operation. 

The  deceleration  stage  was  designed  by  the  use  of 
the  AXCEL-GSI  program  [10].  It  calculates  single  beam 
trajectories  and  takes  space-charge  effects  into  account 
In  order  to  test  the  designed  unit,  measurements  were 
performed  on  a  prototype  with  lithium  and  potassium 
ion  beams  and  with  different  currents.  In  the  test  setup 
the  beam  profile  was  measured  by  scanning  wire;  placed 
220  mm  behind  the  exit  of  the  deceleration  stage.  This 
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Fig  3.  Beam  profiles  for  three  different  focusing  voltages  ((a) 
low,  (b)  optimized,  and  (c)  high)  measured  for  a  22  (lA,  250  eV 
Li*  beam.  Profiles  were  measured  220  mm  behind  decelera¬ 
tion  stage. 


position  is  comparable  to  the  target  position  in  the 
MBE  vessel.. 

Figs.  3  and  4  show  the  focusing  and  scanning  prop¬ 
erties  for  a  22  pA,  250  eV  Li*  beam  and  a  27  pA,  500 
eV  K*  beam,  respectively.  Fig.  3  shows  the  focusing 
properties  for  different  voltages  of  the  last  electrode, 
which  acts  as  an  einzel  lens.  It  was  found  that  for  the 
specified  current  and  energy  the  beam  could  be  focused 
to  a  spot  of  60  mm  diameter  at  target  position. 

To  achieve  uniform  wafer  implantation  the  scanning 
performances  were  investigated.  Fig.  4  gives  tne  beam 
position  and  profile  in  X  and  Y  directions  duiing  a  .scan 
in  Y  direction.  The  beam  was  scanned  from  +70  to 
-  70  mm  at  target  position  without  a  serious  influence 
on  the  beam  profile. 


X-PROFILE  Y-PROFILE 


Fig.  4.  Measured  beam  position  and  profile  for  different  de¬ 
flection  voltages  in  Y  direction  and  a  27  p A,  500  eV  K  *  beam. 


IMPLANTATION  ENERGY  Ep  (  eV ) 

Fig.  5.  Transmission  of  the  deceleration  stage  as  a  function  of 
the  final  implantation  energy  £q.  A  100  pA  Li*  beam  was 
used  as  input  for  the  deceleration  stage  Lines  are  drawn  to 
guide  the  eye 


Finally,  the  measured  and  the  calculated  transmis¬ 
sion  of  the  deceleration  stage  are  given  in  fig.  5  in  the 
case  of  a  100  pA  Li*  beam  entering  the  deceleration 
stage.  A  transmission  of  >  80%  was  obtained  for  en¬ 
ergies  >  500  eV,  whereas  for  energies  <  500  eV  the 
transmission  falls  off  proportionally  to  the  final  energy 

£o. 


4.  Summary 

A  newly  developed  dual  ion  source  system  for  low- 
energy  ion  implantation  is  described.  The  system  is 
designed  to  switch  within  1  s  from  one  source  to  another 
with  simultaneous  adjustment  of  all  beam  transport 
parameters  including  doping  concentration  and  implan¬ 
tation  energy.  Tests  have  shown  that  in  the  energy  range 
of  150-2000  eV  target  currents  of  up  to  100  pA  can  be 
achieved  with  controllable  beam  focusing  For  uniform 
wafer  implantation  the  beam  can  be  electrostatically 
scanned  from  +  70  to  -  70  mm  at  target  position. 
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The  design  of  an  ion  implanter  for  the  doping  of  shallow  layers  grown  by  silicon  molecular  beam  epitaxy  to  a  concentration  10“ 
cm  ’  or  higher  is  described.  This  requires  a  capability  to  deliver  beams  into  the  UHV  growth  chamber  with  ion  energies  in  the  range 
500  eV  down  to  50  eV  and  lower,  fluxes  in  the  range  1  to  50  pA  cm“  ^  and  uniformity  over  a  1(X)  mm  diameter  wafer  The  instrument 
has  been  designed  to  opeiate  simultaneously  with  the  MBE  growth  process,  without  having  to  compromise  the  latter  The  practical 
problems  which  arise  from  attaching  to  an  existing  silicon  MBE  installation  in  which  the  position,  electrical  potential  and 
environment  of  the  target  are  predetermined  have  alsr>  influenced  the  final  design 


1.  Introduction 

The  provision  of  consistent  and  controllable  tn-situ 
doping  of  molecular  beam  epitaxy  (MBE)  grown  semi¬ 


conductor  layers  remains  a  major  challenge.  This  is 
particularly  so  in  silicon  MBE.  where  there  are  physical 
and  technical  problems  with  the  usual  dopant  species. 
Doping  methods  compatible  with  the  proven  ability  of 
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Fig  1  Schematic  d'agram  of  the  low-energy  ion  implanter  P  indicates  ?  high-vacuum  pump,  V  a  vacuum  valve  and  C  an  ion  current 
monitor  The  dump  and  gate  power-supply  units  allow  zero-contamination  mass  switching,  and  the  scan  power  supply  rasters  the 

beam  over  the  target 
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MBE  to  grow  high-quality  layers  with  thicknesses  in  the 
nanometer  range  and  atomically  sharp  interfaces  are 
required. 

The  most  flexible  doping  method  is  to  incorporate  a 
mass-analyzed  very-low-energy  ion  implanter  with  the 
MBE  system  [1-4],  This  allows  essentially  any  dopant 
species  to  be  introduced  without  growth  chamber  con¬ 
tamination  problems,  and  with  accurate  dosimetry.  In 
this  note  we  describe  a  very-low-energy  ion  implanter 
now  being  designed  and  built  to  attach  to  an  existing 
silicon  MBF  system  (VG  Semicon  V901  as  part  of  the 
UK  SERC  Low  Dimensional  Structures  and  Devices 
Programme.  The  equipment  is  being  used  to  grow  and 
dope  silicon  and  silicon-germanium  low-dimensional 
structures.  A  high-temperature  effusion  cell  for  boron 
has  been  fitted  to  the  MBE  system  which  is  giving  good 
p-type  co-evaporation  doping  performance  particularly 
at  substrate  temperatures  below  500°C.  Compatible  n- 
type  doping  is  required  at  the  growth  temperatures 
below  600°C  which  are  needed  to  realise  the  full  poten¬ 
tial  of  Si  and  SiGe  low-dimensional  structures.  The 
prime  task  of  the  low-energy  ion  implanter  is  therefore 
to  enable  doping  with  phosphorus,  arsenic  or  antimony, 
with  a  similar  level  of  control  to  that  being  achieved 
with  co-evaporation  boron  doping.  In  the  longer  term,  it 
IS  planned  to  investigate  the  use  of  lon-assisted  growth 
to  enable  epitaxial-growth  temperatures  to  be  reduced 
towards  room  temperature. 

The  features  of  the  low-energy  implanter  are  il¬ 
lustrated  schematically  in  fig.  1.  Ions  are  extracted  from 
a  universal  source,  accelerated  to  a  transport  potential 
of  10  kV..  mass  analysed  and  directed  into  the  MBE 
growth  chamber,,  where  they  are  decelerated  to  the 
required  energy  prior  to  striking  the  target.  Electrostatic' 
deflectors  are  provided  for  beam  gating  and  rastermg. 
and  there  are  current  monitors  at  five  locations  along 


the  beam  line  and  in  the  growth  chamber.  Specifications 
for  the  instrument  are  given  in  table  1. 


2.  Physical  design  constraints 

There  are  a  number  of  constraints  on  the  nature  of 
the  beam  at  the  target  for  it  to  be  compatible  with 
simultaneous  silicon  MBE.  These  concern  the  following' 

-  choice  of  species, 

-  beam  purity  and  accompanying  gas  load. 

-  ion  energy  range  and  incidence  angle. 

-  flux  and  areal  coverage. 

The  use  of  the  well-established  Freeman  ion  source  [5] 
ensures  compatibility  with  all  the  silicon  dopant  ele¬ 
ments.  plus  a  wide  range  of  other  species,  including 
silicon  Itself,  that  may  prove  valuable  fcr  lon-assisted 
growth,  ion  etching,  or  ion-beam  deposition  within  the 
MBE  processing  environment.  The  low  emittance  of  the 
source  is  also  important  for  magnetic  mass  analysis  and 
for  well-controlled  ion  deceleration. 

The  need  for  a  very  pure  source  feed  material  is 
considerably  relaxed  by  comparison  with  UHV  evap¬ 
orators  or  non-mass-analyzed  lon-beam  attachments. 
The  calculated  typical  resolving  power  of  150  (5%  valley 
between  adjacent  masses)  provides  sufficient  mass  reso¬ 
lution  to  give  pure  monoisotopie  beai  of  the  silicon 
dopant  species. 

Sputtering  of  beam-line  components  by  the  ion  beam 
could  introduce  very  undesirable  metallic'  impurities 
into  the  growing  film  High-density,.  high-purity  gra¬ 
phite  components  are  used  where  10  keV  ions  will  strike 
surfaces,  and  careful  arrangement  of  baffles  along  the 
beam  line  minimizes  the  possibility  of  sputtered  material 
proceeding  towards  the  MBE  growth  chamber.  The 
final  aperture  before  the  growth  chamber  is  constructed 


Table  1 

De.sign  .specifications  of  the  silicon  MBF.-compatible  low-energy  implanter 


Source 

Freeman  universal  type.  45°  angled 

Acceleration  voltage 

10  kV 

Mass-resolving  magnet 

45 ° .  350  mm  radius.  0.65  T  maximum  field 

Neutral-elimination  magnet 

90°.  300  mm  radius.  0.75  T  maximum  field 

Magnet  switching.  0  to 

<5.s 

Gas  load  into  MBE  chamber 

<  5x  10  *  mbar  Is"' 

Ion  energy 

10  keV  down  to  50  eV  or  lower 

Neutral  content  of  beam 

■kO  1% 

Beam  size  on  target 

25  X  20  mm^ 

Beam-current  density 

up  to  50  nA  cm"  ^  before  raslering  (final  target  value  100  (lA  cm  '  ’) 

Uniform  coverage 

central  100  mm  diameter  of  150  mm  diameter  wafers  to  better  than  10%  uniformity 
(final  target  value  2%) 

Raster  frequency  x 

3000  Hz 

y 

12  Hz 
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from  a  silicon  wafer  to  ensure  that  any  sputtered 
material  in  this  critical  region  is  benign.  The  gas  load 
into  the  growth  chamber  is  arranged  to  be  no  greater 
than  that  expected  from  a  typical  effusion  cell.  This  is 
achieved  using  five  stages  of  differential  pumping  to 
reduce  the  pressure  from  10  to  10  ^  mbar  in  the 
implanter  source  chamber  to  10"*  mbar  prior  to  the 
MBE  growth  chamber. 

Whilst  the  first  mass-resolving  magnet  removes  the 
neutral  flux  from  the  source  from  the  ion  beam,  it  is 
vital  to  take  further  steps  to  eliminate  the  high  energy 
neutrals  formed  when  ions  in  the  beam  charge  exchange 
with  residual  gas  species.  These  neutrals  have  the  full 
acceleration  energy  and  are  of  cour.se  unaffected  by  the 
deceleration  field.  The  second  electromagnet,  therefore, 
as  well  as  performing  beam  steering,  removes  unwanted 
neutrals  from  the  ion  beam.  The  opportunity  for  further 
fast  neutral  creation  beyond  the  magnet  is  considerably 
reduced  in  the  ultrahigh-vacuum  (UHV)  conditions  that 
then  prevail  (10  *  mbar  and  better).  Experience  on  a 
UHV  low-energy  ion-beam  implantation  and  deposition 
system  at  the  University  of  Salford  has  shown  that 
neutral  trapping  at  this  stage  effectively  eliminates 
damage  to  silicon  substrates  from  high-energy  neutrals 
[6]. 

Ion  energies  in  the  sub-500  eV  range  are  needed  to 
ensure  that  the  dopant  can  be  confined  only  to  the 
growing  surface  region.  Choice  of  ion  energy  for  MBE- 
compatible  implantation  involves  more  than  simply 
selecting  on  the  basis  of  the  projected  range,  however.  It 
is  also  necessary  to  take  into  consideration  radiation 
damage,  sticking  coefficients  and  the  efficiency  of  incor¬ 
poration  of  the  dopant  ions  into  active  sites  for  a  given 
dopant/ substrate  combination.  The  bombardment  of 
silicon  at  MBE  growth  temperatures  with  ions  capable 
of  producing  significant  atom  displacements  leads  to 
the  formation  of  highly  stable  complex  defects  which 
cannot  be  annealed  out  below  about  1000  K.  High 
temperature  anneals  after  an  implant  are  usually  out  of 
the  question,  as  the  resulting  diffusion  would  destroy 
the  nanometer  scale  doping  profiles  created  during  the 
growth  process.  Since  it  has  been  shown  that  several 
silicon  atoms  arc  displaced  from  lattice  sites  per  inci-. 
deni  ion  during  bombardment  by  an  argon  beam  of 
only  60  eV  [6],  it  is  clearly  important  to  try  to  reach  the 
lowest  possible  energies  to  search  for  the  point  where 
there  is  still  good  incorporation  efficiency,  but  stable 
damage  structures  are  not  formed. 

The  ability  to  achieve  a  uniform  beam  at  low  en¬ 
ergies  IS  dependent  upon  having  a  low-emittance  beam 
undergoing  a  well-controlled  deceleration.  Experience 
on  the  University  of  Salford  low-energy  implanter  has 
shown  that  beam  quality  can  be  maintained  with  less 
than  10  V  difference  between  source  and  target  poten¬ 
tial  [7].  In  the  instrument  described  here,  however,  the 
retardation  optics  must  not  alter  significantly  the  MBE 


growth  chamber.  The  solution  adopted  has  been  to  use 
the  cold  shields  of  the  chamber  itself  as  the  final  lens 
element.  Initial  ion-optic  simulations  have  shown  accep¬ 
table  performance  down  to  50  eV.  It  is  an  aim  of  the 
project  to  explore  the  low-energy  performance  limit. 

The  retardation  geometry  features  normal  beam  inci¬ 
dence  onto  the  target,  as  this  has  been  found  to  give  the 
best  control  at  low  energies.  Normal  incidence  is  also 
predicted  to  give  better  doping  profiles  than  non-nor¬ 
mal  incidence  [7].  The  possible  detrimental  effects  of 
channeling  on  doping  profiles  are  currently  under  inves¬ 
tigation  [8],  but  it  is  not  expected  that  the  choice  of 
normal  beam  incidence  will  be  a  significant  disad¬ 
vantage.  Practically  any  incidence  angle  will  reveal  a 
channelling  effect  at  these  low  energies  because  of  the 
large  critical  angles  for  channelling. 

The  required  beam  flux  at  the  target  can  be  derived 
simply  from  the  required  doping  level  and  known  MBE 
growth  rates.  Taking  the  volume  doping  level  [cm“^] 
to  be  given  by 

yv  ^  ii 

where  is  the  atom  density  of  the  film,  J„  the  molecu¬ 
lar  beam  flux  (atoms  cm" ^  s"').  /,  and  /„  the  fractions 
of  the  incident  ion  and  molecular  beam  fluxes  which  are 
incorporated  into  the  growing  film,  I  the  beam  current 
density  (A  cm"^).  n  the  ionic  charge  state,  e  the 
electronic  charge,  a  the  beam  area  and  A  the  area  over 
which  the  beam  is  rastered.  Taking  the  case  of  silicon 
growing  at  one  monolayer  per  second  (J„  =  lO'-'  cm"^ 
s"'),  assuming  /,//„  is  unity  and  a/A  is  1/32,  the 
lon-beam  current  must  be  10  jiA  cm"^  to  reach  doping 
levels  in  the  10^“  cm"-’  range.  Ba.sed  on  the  perfor¬ 
mance  of  the  system  at  Salford  University,,  a  maximum 
current  density  of  50  |iA  cm"’  is  expected,  relatively 
independent  of  the  .selected  energy.  Even  higher  doping 
levels  should  be  achievable  by  reducing  the  MBE  growth 
rate  (or  halting  it  temporarily)  or  by  reducing  raster 
area 


3.  Technical  and  practical  considerations 

The  physical  arrangement  of  the  system  is  shown  in 
fig.  2.  The  overall  geometry  is  fixed  by  the  position  and 
orientation  of  the  target  in  the  MBE  growth  chamber,- 
and  the  normal  beam  incidence  requirement.  The  elec¬ 
tron  beam  evaporators  used  for  silicon  growth  require 
the  target  to  be  horizontal,  and  facing  downward.  The 
normally  incident  ion  beam  must  therefore  enter  the 
chamber  vertically  from  below.  This  is  achieved  using  a 
90°  deflecting  magnet  placed  under  the  growth  cham¬ 
ber.  This  section  of  the  beam  line  must  be  disconnected 
from  the  remainder  of  the  system  and  from  the  growth 
chamber,  and  moved  clear  whenever  it  is  necessary  to 


J  S  Gordon  el  al.  /  A  silicon  MBE-compalible  ton  imptanler 


317 


MBE  growth  chamber 

base  flange  Ion  sowce 


A 


lower  the  growth  chamber  flange  to  recharge  the  MBE 
evaporators. 

The  ion  source  is  conventional  except  in  that  the  arc 
chamber  is  attached  at  45°  so  that  a  beam  can  be 
extracted  at  that  angle  down  towards  the  first  electro¬ 
magnet.  The  target  wafer  and  cooling  shields  of  the 
MBE  system  cannot  be  taken  to  high  voltage,  therefore 
It  has  been  necessary  to  design  an  isolated  high-voltage 
flight  tube  to  transport  the  ions  from  the  source  extrac¬ 
tion  lens  to  the  retardation  stage  in  the  growth  chamber.. 
This  runs  within  the  (grounded)  vacuum  envelope,  sup¬ 
ported  by  ceramic  insulators.  Pumping  conductance  into 
the  inner  tube  is  provided  with  high-transmission  mesh. 
A  .special  mechanism  withdraws  the  inner  flight  tube  to 
allow  gate  valves  at  either  end  of  the  beam  line  to  close. 
The  choice  of  a  10  kV  transport  potential  is  a  comprom¬ 
ise  which  gives  acceptable  transport  efficiency  in  a 
system  in  which  totally  effective  space-charge  com¬ 
pensation  cannot  be  relied  upon  in  the  ultrahigh-vacuum 
stages,  with  good  deceleration  performance,  operational 
convenience  and  acceptable  levels  of  sputtenng  and 
heating  in  the  beam  line. 

Using  the  two  electromagnets  with  Hall  probe  feed¬ 
back,  and  an  electrostatic  beam  dump  and  fast  beam 
gate.  It  IS  possible  to  switch  between  two  species  being 
extracted  from  the  source  with  zero  possibility  of  target 
contamination,  and  accurate  dose  control.  A  two-axis 
beam  raster  provides  one  complete  coverage  of  1(X)  mm 
diameter  in  40  ms,  a  time  short  compared  to  the  time 
for  one  monolayer  to  be  deposited.  TTie  practical  perfor¬ 
mance  of  the  retardation  optics  when  the  beam  is  de¬ 
flected  well  off-axis  is  the  subject  of  investigation.. 


4.  Conclusions 

The  design  of  a  low-energy  MBE-compatible  ion 
implanter  differs  considerably  from  conventional 


medium-  and  high-energy  implanters.  The  combination 
with  silicon  MBE  should  allow  the  growth  of  low-di- 
mensional  structures  with  p-  and  n-type  doping,  and 
also  longer-term  investigations  into  ion-assisted  growth 
processes. 

Practical  investigations  are  necessary  into  the 
achievable  low-energy  limit  and  the  behaviour  of  the 
beam  when  it  is  deflected  well  off-axis  for  large  wafer 
coverage. 
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Direct  extraction  of  a  Na  beam  from  a  sodium  plasma 
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Negative  sodium  ions  (Na  )  were  extracted  from  a  small  multi-cusp  ion  source  A  steady  state  sodium  plasma  was  produced  by 
primary  electrons  m  a  sodium  gas  evaporating  from  a  metal  sample  placed  in  the  discharge  chamber  The  Na  current  density  of  1  5 
nA/cm"  was  obtained  from  a  single  aperture  of  1.5  mm  diametei  at  relatively  low  di-scharge  power  of  about  0.4  W  and  filament 
power  of  .50  W  Extraction  characteristics  were  studied  by  changing  the  plasma  electrode  bias  The  extracted  Na'  current  showed  a 
dependence  on  the  bias  voltage  similar  to  that  of  H  or  Li  volume  production 


1.  Introduction 

Volume  production  of  H'  and  Lt"  tons  is  currently 
attracting  considerable  interest,  not  only  from  a  view¬ 
point  of  using  these  tons  in  high-energy  neutral  beam 
heating  and  diagnostic  systems  for  fusion  plasmas  (1-3], 
but  also  from  a  viewpoint  of  studying  the  production 
mechanism  of  negative  ions  in  a  plasma  volume  [4,5). 
The  H '  and  Li '  ions  are  considered  to  be  produced  in 
the  plasma  volume  by  dissociative  attachment  (DA)  of 
low  energy  electrons  to  diatomic  molecules.  In  the  case 
of  H  '  production,  the  DA  process  is  strongly  enhanced 
when  hydrogen  molecules  are  highly  excited  to  vibra-- 
tional  and/or  rotational  states,  dominantly  through  col- 
lisional  excitation  with  fast  electrons.  However,,  the 
mam  destruction  process  of  the  H  "  and  Li  ”  ions  in  the 
plasma  volume  is  detachment  in  collision  with  high 
energy  electrons.  Suppression  of  high-energy  electrons 
in  the  extraction  region  by  applying  a  filter  magnetic 
field  or  by  shaping  the  main  plasma  into  a  sheet  is  an 
effective  way  to  increase  the  output  current.  It  is  also 
known  that  the  negative  ion  current  reaches  a  maximum 
when  the  plasma  electrode  facing  the  extraction  region 
plasma  is  biased  a  few  volts  positive  with  respect  to  the 
anode  potential  [1,3]. 

In  a  volume  plasma,  Na"  ions  are  presumed  to  be 
formed  under  a  more  severe  condition  than  H'  or  Li“: 
the  electron  affinity  of  Na  is  only  0.54  eV.  smaller  than 
that  of  hydrogen  (0  76  eV)  nr  lithium  (0  62  eV)  In  the 
present  paper  evidence  of  direct  extraction  of  Na“  ions 
from  i,  sodium  plasma  is  shown,  and  the  dependence  ot 
extracted  current  on  discharge  voltage  and  the  plasma 
electrode  bias  voltage  are  described.  The  effect  of  the 
magnetic  filter  is  examined.  The  results  are  compared 
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with  the  extraction  characteristics  of  H  and  Li 
volume  production  sources. 


2.  Experimental  arrangement 

Fig.  1  shows  a  schematic  diagram  of  the  ion  source 
and  the  geometry  of  the  extraction  and  measurement  of 
the  negative  ion  current  The  ion  source  consists  of  a 
cylindrical  stainless-steel  chamber  (6  cm  diameter  by  7.5 
cm  long)  surrounded  externally  by  eight  columns  of 
samanum-cobalt  magnets.  Inside  the  chamber  is  a 
stainless-steel  heat  shield  of  4.8  cm  inner  diameter  A 
plasma  is  produced  by  primary  elect-ons  emitted  from  a 
tungsten  filament  o.  0.35  mm  diameter  and  80  mm 
long.  The  wall  of  the  h>*at  shielu  SPives  as  an  arode.  A 
piece  of  sodium  metal,  plated  in  the  heat  .shield 
evaporates  dominantly  due  to  the  radiation  from  the 
filament  which  is  heated  with  a  typical  power  of  50  W. 
The  heat  shield  temperature  is  monitored  by  a  thermo¬ 
couple  at  a  position  away  from  the  filament.  Only  at  the 
beginning  of  the  operation  argon  gas  is  introduced  to 
initiate  a  discharge.  When  the  heat  shield  temperature 
reaches  above  230  °  C,  the  gas  introduction  is  terminated 
and  the  steady-state  sodium  plasma  is  sustained  with 
sodium  vapour.  A  pair  of  external  permanent  magnets 
IS  fixed  in  the  region  adjacent  to  the  plasma  electrode. 
The  maximum  strength  of  the  magnetic  filter  field  is 
707  O  and  this  peak  field  is  located  0.9  cm  apart  from 
the  plasma  electrode  hole. 

The  beam  is  .-structed  by  a  two-electrode  extraction 
system  (a  plasma  electrode  and  an  extraction  electrode). 
The  plasma  electrode,  which  forms  the  end  of  the 
source  cylinder,  can  be  biased  at  a  voltage,  Kh,  relative 
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to  the  anode.  The  extractor  aperture  of  each  electrode  is 
1.5  mm  in  diameter.  The  extracted  beam  is  detected 
with  a  Faraday  cup  after  60®  bending  with  an  electro¬ 
magnet.  In  order  to  keep  enough  resolution  in  the 
momentum  spectrum,  two  defining  slits,  SI  and  S2,  of 
1.1  mm  width  each  are  inserted  at  the  entrance  of  the 
bending  section  and  that  of  the  Faraday  cup.. 


3.  Experimental  results  and  discussions 

3.1.  Characteristics  of  Na~  extraction 

The  extraction  of  a  Na“  beam  is  examined  on  the 
momentum  spectra.  In  this  experiment,  lumps  of  sodium 
and  lithium  metal  are  placed  in  the  heat  shield  together. 
When  the  heat  shield  temperature  reaches  above  215  °C, 
a  signal  of  Na~  beam  can  be  seen  as  shown  in  fig.  2(a). 
It  disappears  when  the  sodium  is  all  consumed. 
Meanwhile,  a  peak  of  Li~  beam  starts  to  appear  as 
shown  in  2b,  when  the  temperature  is  above  300  °C. 
The  momentum  of  the  peak  in  fig.  2a  is  defined  to  be 
that  of  Na“  by  comparison  with  those  of  *Li"  and 
’Li“,  and  the  mass  of  the  ion  species  is  confirmed  by 
changing  the  acceleration  potential  from  200  to  500  V., 
In  fig.  2a,  a  small  peak  of  mass  number  46  is  seen, 
indicating  a  possible  existence  of  NaJ  in  the  extracted 
beam. 

In  fig,  3  the  Na  ‘  beam  current  as  a  function  of  the 
heat  shield  temperature  is  plotted.  If  thermal  equi¬ 
librium  IS  assumed  in  the  heat  shield,  the  dependence  of 
the  extracted  Na"  current  on  the  sodium  vapour  pres¬ 
sure,  P,  IS  roughly  expressed  as  /"a  and  it  can  be 


Temp.  (K) 

Fig.  3.  The  dependence  of  the  Na"  beam  current  upon  the 
heat  shield  temperature. 


Fig.  4  The  dependence  of  the  Na  beam  current  on  the 
discharge  voltage  measured  with  the  magnetic  filter 


scaled  almost  independently  from  the  amount  of  intro¬ 
duced  argon  gas. 

The  dependence  of  the  Na"  beam  current  on  the 
discharge  voltage  is  shown  in  fig.  4.  Here,  the  discharge 
current  and  the  heat  shield  temperature  are  kept  almost 
constant,  to  be  5  mA  and  550  K,  respectively,  and  the 
plasma  electrode  bias  is  fixed  at  0.5  V.  The  output 
current  increases  as  the  discharge  voltage  (K^).  There  is 
a  tendency  for  this  to  saturate  at  higher  values  of 

The  total  beam  current  has  been  measured  when  the 
two  slits  SI,  S2  are  removed,  and  most  of  the  beam  is 
detected  with  the  Faraday  cup  of  3.5  cm  inner  diameter. 
The  Na"  current  density  of  1.5  pA/cm^  was  obtained 
at  a  relatively  low  discharge  power  of  about  0.4  W  and 
a  filament  power  of  50  W. 

3.2.  The  effect  of  the  magnetic  filter 

In  order  to  investigate  the  similanty  with  H"  and 
Li"  volume  production,  the  dependence  of  the  plasma 
electrode  bias  voltage  (F^)  and  the  effect  of  the  mag¬ 
netic  filter  are  examined.  In  fig.  5  the  dependences  of 
the  Na"  beam  current  (/")  are  shown,  measured 
without  the  filter  magnets  (a)  and  with  them  (b).  The 
drain  current  to  the  plasma  electrode,  l^,,,  is  also  shown 
in  the  figures.  The  /"  dependence  on  V^,  is  similar  to 
those  of  H"  and  Li"  extraction  experiments  [1,3],  Ex¬ 
cept  that  the  current  to  the  plasma  electrode  in  the 
electron  saturation  region  is  suppressed  by  the  filter 
field  in  (b)  and  the  plasma  potential  to  the  anode  is 
slightly  different,  the  overall  features  are  same  in  both 
cases.  Rough  estimations  of  the  electron  temperature 
and  the  density  of  the  plasma  in  the  extraction  region 
can  be  made  from  the  region  of  the  F),  trace  where 
the  effect  of  the  magnetic  field  is  small.  The  validity  of 
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Fig  5  The  dependence  on  the  plasma  electrode  bias  voltage  (F^)  of  current  and  the  dram  current  of  to  the  plasma  electrode 

(4),  (a)  without  the  magnetic  filter,  and  (b)  with  it 


the  analysis  is  discussed  in  reference  [6],  The  electron 
temperatures  are  about  0.15  eV  for  both  cases  and  the 
ton  saturation  currents  are  almost  the  same.  These 
similarities  may  explain  the  fact  that  the  extracted  cur¬ 
rents  are  the  same  at  the  maximum  or  when  Kj,  is 
nep"tive.  On  the  other  hand  r  in  the  electron  satura- 
tio.i  region  without  the  filter  field  is  less  than  a  half  of 
that  with  the  filter,,  indicating  the  possibility  of  the 
destruction  of  Na’  by  electrons  near  the  extraction 
region. 

The  compari.son  of  the  dependence  of  I~  normalized 
to  the  discharge  power  upon  the  discharge  voltage  can 
be  seen  in  fig.  6.  Here  the  plasma  electrode  bias  voltage 
was  optimized  so  that  the  I~  takes  a  maximum.  They 
are  almost  the  same  and  the  magnetic  filter  effect 
cannot  be  seen  at  less  than  15  V,  as  can  be  expected 
from  the  fact  that  the  electron  temperature  is  very  low. 
On  the  other  hand,  at  the  higher  discharge  voltage,  the 
normalized  /"  measured  with  filter  gradually  decreases 


as  the  Kj,  increases,  but  it  is  constant  when  the  filter 
magnets  are  removed, 

4.  Conclusions 

Negative  sodium  ions  (Na")  were  directly  extracted 
from  a  self-sustained  sodium  plasma  confined  in  a  small 
multi-cusp  ion  source.  The  extracted  Na'  current  shows 
dependence  on  the  plasma  electrode  bias  voltage  similar 
to  that  of  H“  or  Li~  volume  production.  When  the 
plasma  electrode  voltage  is  in  ion  saturation  or  in  the 
transition  region,  the  effect  of  the  magnetic  filter  on  the 
extracted  current  is  not  observed,  because  the  plasma  in 
the  extraction  region  is  not  affected  by  it  within  the 
present  operational  conditions.  The  Na“  beam  current 
is  almost  proportional  to  the  discharge  voltage  without 
the  magnetic  filter.  The  Na“  current  density  of  1.5 
pA/cm^  was  obtained  from  a  single  aperture  of  1.5  mm 
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Vd  (V) 

Fig  6  The  normalized  Na  current  (/“)  divided  by  the 
diiicharge  voltage  (Fj)  as  a  function  of  Fj.  Open  symbols 
indicate  measurements  with  the  magnetic  filter  and  closed 
symbols  v/ithout  it 


diameter  at  relatively  slow  discharge  power  of  about  0.4 
W  and  filament  power  of  50  W. 
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The  development  of  ncgative-ion  sources  has  now  reached  the  state  where  they  can  be  considered  for  implanter  applications  In 
the  following  paper  a  conceptual  negative-ion  source  is  described,  based  on  production  by  dissociative  attachment  in  the  plasma  This 
type  of  source  reduces  some  of  the  problems  encountered  with  posiiive-ion  sources  such  as  surface  charging  and  impurity  ions  and 
has  the  additional  advantage  of  vanable  beam  current  at  fixed  beam  energy 


t.  Introduction 

The  implantation  of  ions  tnto  semiconductors  can  be 
readily  achieved  by  the  impact  of  a  htgh-energy  beam  of 
low  current  denstty  on  the  semiconductor  surface.  The 
beam  energy  determines  the  depth  of  penetration  and  is 
typically  in  the  range  5-200  keV  However,  the  electric 
charge  carried  by  the  beam  leads  to  a  buildup  of  charge 
on  the  surface  which  modifies  the  beam  energy  and  can 
lead  to  electrical  bi.eakdown  problems 

The  use  of  positive-ion  beams  always  requires  high- 
resolution  mass  analysis  in  order  to  achieve  the  desired 
low  impurity  levels.  However,  a  negative-ion  beam  has  a 
natural  low  impurity  level.  As  a  result  substantially 
different  system  concepts  can  be  considered  for  nega- 
tive-ion  implantation  which  could  influence  both  pro¬ 
cess  cost  and  reliability 

1. 1  Charging  effects 

In  the  case  of  positive-ion  beams,  which  have  been 
used  so  far  for  ion  implantation,  this  charge  buildup  is 
enhanced  by  secondary-electron  emission  from  the 
surface  so  that  the  charging  current  is  (1  +  Y  +  )/h.  where 
is  the  secondary-electron  emission  coefficient  per 
incident  ion.  Typically  for  normal  incidence  y+  lies  on 
the  range  of  1  to  10  but  takes  on  lower  values  for  clean 
surfaces. 

There  exist  two  solutions  to  this  problem.  We  could 
use  a  neutral-atom  beam  for  the  implant  formed  by 
passing  the  positive-ion  beam  through  a  gas  cell.  How¬ 
ever,  this  solution  has  unattractive  aspects;  the  gas  load 
formed  by  the  cell  would  cause  pumping  difficulties, 
beam  control  and  mass  analysis  would  be  almost  impos¬ 
sible  and  the  conversion  efficiency  is  low  at  high  im¬ 
planter  beam  energies.  Alternatively  we  could  use  a 
negative  ion  beam  for  implantation.  In  this  case  the 
charging  current  is  (1  -  y^f/h-  There  are  very  few  ex¬ 
perimental  measurements  of  y .  but  Dixit  and  Ghosh 


Table  1 

List  of  negative-ion  states  for  elements  of  inters!  for  implanters 


l-lemeiit 

State 

Electron 

affinity 

leV) 

Comments 

H 

H 

0.75 

only  stable  state  known 

0 

0 

1  46 

05 

higher  stales  exi.st 

Li 

Li  ■ 

0.61 

only  slate  known 

P 

P 

0  77 

only  state  known 

An 

As " 

0  80 

only  state  known 

CI 

Cl 

3.7 

F 

F' 

3.6 

Ge 

Ge' 

1  2 

only  stale  known 

C 

C 

1  3 

N 

N 

B 

B 

0.92 

only  state  known 

[1]  have  observed  that  y  is  similar  for  positive  and 
negative  ion  beams  of  similar  electronic  configurations 
and  ion  velocities.  Hence  the  effective  charging  current 
for  low  values  of  y  (i.e.  around  1  to  2)  is  much  reduced 
for  negative  ion  beams  but  this  relative  effect  becomes 
of  lower  importancf  if  y  is  large 

I  2  Beam  purity 

In  a  typical  positive  ion  discharge,  the  plasma  con¬ 
tains  many  species  of  ion.  impurities  being  present  both 
as  molecular  ions  and  muitxharged  ions.  Elements  with 
stable  negative  polarity  ions  are  listed  in  table  1  and 
include  O',  P~  As".  Ge"  and  B",  all  of  which  are 
routinely  used  dopants  in  the  scmicCTductor  industry 
Unlike  positive  ions,  there  is  virtually  no  evidence  for 
the  existence  of  stable  molecular  negative  tons  apart 
from  oxygen  which  has  O2"  and  03"  ionic  states  [2], 
Some  unstable  molecular  negative  ions  do  exist,  how¬ 
ever,  which  have  lifetimes  in  the  picosecond  range.  It 
has  been  reported  (but  not  in  open  literature)  that  some 
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expentnenis  have  seen  evidence  for  molecular  negative 
ions  ansing  from  magnetic  momentum  analysis.  These 
ions  could  be  impurities  associated  with  oxygen  or  OH 
radicals.  However,  they  are  likely  to  be  well  separated 
from  the  ion  mass  of  interest  in  momentum  and  hence 
easily  analysed.  In  practise,  therefore,  negative-ion  ex¬ 
traction  and  analysis  can  select  the  ion  of  interest  with 
minimal  impurity  levels,  provided  the  correct  source 
materials  are  used.  One  aspect  of  beam  purity  special  to 
negative-ion  systems  concerns  the  electron  beam  co-ex- 
tracted  with  the  negative  ions  from  the  discharge.  Ex¬ 
tensive  work  has  shown  that  to  a  large  extent  this 
electron  current  in  the  beam  can  be  reduced  to  a  small 
fraction  of  the  ion  current,  provided  steps  are  taken  to 
suppress  and  trap  electrons  within  the  accelerator. 

J  3.  Conceptual  destgn 

A  conceptual  design  of  a  heavy-negative-ion  source 
IS  shown  in  fig.  1.  While  similar  in  many  ways  to  its 
positivc-ion  counterpart,  there  are  significant  dif¬ 
ferences  in  the  design  of  the  discharge  chambei  to 
enhance  negative-ion  formation  and  in  the  accelerator 
design  to  reduce  electron  extraction.  This  concept  is 
based  on  an  H“  accelerator  which  has  been  developed 
over  the  last  few  years  in  the  Fusion  and  Strategic 
Defense  Initiative  Programmes.  However,  for  heavy  ions 
subtle  changes  are  needed  to  optimise  the  performance 
to  that  needed  for  industry. 

In  the  rest  of  this  paper  we  discuss  the  design  of 


negative-ion  sources  suitable  for  implanter  applications 
and  the  likely  performance  that  can  be  achieved. 


2.  Formation  of  negative  ions 

Three  major  methods  of  producing  negative  ions 
have  emerged  over  the  past  few  years.  The  first  of  these 
is  the  production  of  negative  ions  by  double  electron 
capture  by  a  low-energy  positive-ion  flux  passing 
thorugh  a  vapour.  The  second  is  by  single-electron 
capture  by  absorbed  neutral  atoms  on  a  low-work-func- 
tion  surface,  such  as  a  monolayer  of  cesium  or  bulk 
barium  metal.  The  third  is  direct  formation  within  a 
plasma  discharge  via  dissociative  attachment  of  vibra- 
tionally  excited  molecules  in  the  gas  phase  of  the  ele¬ 
ment  to  be  implanted. 

All  three  techniques  have  been  used  to  produce 
intense  beams  of  H”  but  there  is  a  fundamental  dif¬ 
ference  between  the  latter  two  techniques.  The  second 
method  forms  negative  ions  with  initial  energies  of 
typically  200-400  eV,.  of  which  2-5%  is  transverse  to 
the  beam  axis  [3].  This  leads  to  low-quality  beam  optics 
with  high  transverse  temperatures  ~  10  eV  compared 
with  0.5  eV  for  dissociative  attachment  with  resultant 
mass-analysis  problems  downstream  when  the  desired 
ion  species  is  separated  from  impurity  ions.  In  addition, 
there  is  an  effusion  of  the  converter  material  (i.e.  caesium 
or  barium)  at  a  low  rate  from  the  source.  Neither 
situation  is  desirable.  The  dissociative-attachment  tech- 
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nique  has  the  advantage  that  the  ions  are  formed  at  low 
energy  and  this  yields  highly  collimated  beams  [4'  with 
consequent  high  transmission  to  the  target.  Further¬ 
more,  there  is  virtually  no  effusion  of  impurities  from 
the  source.  In  the  rest  of  this  paper  we  will  focus  on 
sources  based  on  dissociative  attachment. 

The  fundamental  process  involved  in  the  production 
of  the  negative  ion  occurs  in  essentially  two  steps.  The 
first  of  these  is  the  formation  of  vibrationally  excited 


Grid  1 

Grid  2 
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-- 
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Fig,  2  Thin-len!.  'nixiel  of  the  inode  acceleralor 


molecules  via  fast  electron  impact  on  unexcited  mole¬ 
cules, 

Cfdsi  +  Xj  -*  X2(i')  +  e,a„,. 

where  Xj  is  the  molecule  of  the  desired  element  in  the 
ground  state  and  the  electron  energy  is  typically  in 
excess  of  20  eV.  The  term  v  indicates  that  the  molecule 
is  elevated  to  a  vibrational  level  v.  The  second  stage  is 
the  dissociative-attachment  collision  itself,. 

eu<.w  +  Xj(v)-Xr-X-^X. 

In  this  instance  the  electron  energy  is  usually  about  1 
eV  and  only  the  vibrational  levels  with  intern  il  energies 
which  exceed  about  0.6  of  the  dissociation  energy  of  the 
Xj  molecule  have  a  significant  cross  section. 

As  well  as  the  production  processes,  there  are  vari¬ 
ous  destruction  processes  for  negative  ions  both  in  the 
plasma  and  on  the  walls  of  the  discharge  chamber  The 
low  binding  energy  of  the  extra  electron  leads  to  elec¬ 
tron-detachment  collisions. 

e  -I-  X  -  X  -F  2e. 

which  have  a  very  large  cro.ss  section  (typically  100-fold 
the  production  cross  section)  for  energetic  electrons 
(7^  >  10  eV).  There  is  also  ion-  ion  recombination. 

~^X  3-  X*. 

where  X*  denotes  an  excited  state.  This  cross  section 
falls  rapidly  wnh  increasing  ion  energy 

3.  Negative-ion  source  design 

The  above  proce.sses  indicate  the  dilemma  faced  by 
the  designers  of  negative-ion  .sources  Fast  electrons  are 


\ 
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Fig  3  A  comparison  of  AXCEL  predictions  of  beam  divergence  vs  extraction  voltage  to  experimental  data  for  two  values  of  a/d 

(Inode.  H  U  —10  kV). 
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needed  for  vibrational  molecule  production  (in  particu¬ 
lar  for  large  values  of  v)  but  at  the  same  time  only  slow 
electrons  are  needed  for  X"  production  and  the  pres¬ 
ence  of  fast  electrons  would  reduce  the  density  of  X'. 
These  problems  have  been  overcome  by  use  of  the 
so-called  “magnetic  filter”. 

The  basic  concept  is  shown  in  fig.  1  for  an  H  "/D  ~ 
source  The  discharge  chamber  is  a  magnetic  multipole 
confinement  volume  where  fast  electrons  are  emitted 
from  hot  wire  filaments  at  the  back.  Here  the  plasma  is 
ionised  and  vibrational  molecules  are  formed.  The  mag¬ 
netic  filter  is  a  long-range  field  created  by  the  airange- 
ment  of  magnets  on  the  sides  of  the  source  [5]  but  can 
be  also  created  by  internal  magnets  within  the  discharge 
[6].  This  field  preferentially  transmits  low-energy  elec¬ 
trons  as  only  these  electrons  have  the  necessary  colli- 
sionality  to  escape  being  trapped  on  field  lines.  The 
effective  temperature  change  AT  is  given  by 

where  ”|  and  n,  are  the  electron  densities  on  the 
production  and  extraction  sides  of  the  filter  and  Ti  is 
the  electron  temperature  on  the  extraction  side  of  the 
filter  and  should  be  not  more  than  1  eV  in  a  good 
source  design  The  dc  arc  discharge  is  not  e.ssential  and 
a  comparable  approach  would  be  possible  with,  for 
example,  and  rf-excited  discharge  of  reactive  ions. 

The  accelerator  is  also  shown  in  fig  1  and  contains 
two  accelertning  gaps  with  bar  magnets  m  all  three 
electrodes.  The  function  of  the  magnets  in  the  plasma 
electrode  facing  the  duscharge  is  to  suppress  electrons 
from  being  extracted  from  the  plasma  The  transverse 
magnetic  flux  /'created  by  the  magnets,  for  the  plasma 
electrode  at  plasma  potential,  attenuates  the  electrons 
bv  a  factor 


exp(-/-'('y87',). 

where  is  the  random  electron  flux  m  the  plasma  (i  e. 
/co  =  ''i  i-s  the  thermal-electron  .speed  and 

IS  the  electron  current  which  is  eventually  extracted. 

It  is  not  practical  to  totally  suppress  the  electrons  as 
the  stiay  fields  of  this  structure  interfere  with  the  di.s- 
charge  .so  some  electrons  do  enter  the  accelerator  These 
are  .swept  out  of  the  beam  path  by  magnets  in  the 
upstream  face  of  the  .second  electrode,  as  shown  m  fig 
I,:  and  are  collected  in  the  recc.ss  in  the  bulk  of  this 
electrode.  Thus  the  maximum  electron  energy  is  just  the 
first  gap  potential.  The  magnets  in  the  downstream  face 
of  the  second  electrode  and  the  third  electrode  serve  to 
correct  the  trajectories  of  the  X  '  ions  so  that  they  exit 
the  accelerator  on  the  mechanical  axis  of  the  system 
The  magnetic  flux  is  cancelled  to  the  .second  order  so 
that  there  is  neither  beam  deflection  or  displacement. 


4.  Beam  transport 

Colhmation  of  a  beam  produced  from  the  negative 
ion  accelerator  de.scribed  discribed  above  is  straightfor¬ 
ward;,  It  IS  achieved  by  merely  adjusting  the  ratio  of  the 
voltages  across  the  two  gaps.  An  explanation  of  this 
voltage  ratio  can  be  seen  in  fig.  2.  There  exist  three 
lenses  in  the  system  where  each  lens  located  at  a  step 
change  in  axial  electric  field;  a  strong  focusing  and 
defocusing  lens  on  either  side  of  the  second  electrode 
and  a  weak  defocusing  lens  at  the  third  electrode.  Only 
the  focusing  lens  is  variable  over  a  significant  range  by 
altenng  the  second  electrode  potential  and  colhmation 
IS  achieved  for  a  unique  value  of  this  voltage 

Fig.  3  shows  experimental  and  numberical  calcula¬ 
tions  of  the  beam  divergence  for  different  values  of  this 
voltage  vor  various  beam  currents  of  H"  ions  The  final 
beam  energy  is  constant,  indicating  that  negative-ion 
triode  accelerators  do  not  have  a  unique  beam  per- 
veance  for  colhmalion  (unlike  positive  ion  systems) 
which  allows  the  ion  dose  ratf  to  varied  without  read¬ 
justing  the  final  beam  energy  This  could  be  a  signifi¬ 
cant  advantage. 


5.  Ion  species 

Many,  but  not  all,  of  the  elements  of  the  periodic- 
table  can  form  stable  negative  ions,  the  major  excep¬ 
tions  being  the  noble  gases  (except  He),  Table  1  lists  the 
elements  of  interest  for  implantation  and  their  binding 
energies 

Becau.se  of  its  low  binding  energy  the  more  stable 
ion  (if  two  or  more  states  or  species  can  form)  is  highly 
preferentially  formed  Thus  a  small  impurity  of  oxygen 
in  a  hydrogen  di.scharge  leads  to  virtually  only  O 
being  created  with  the  H  ions  being  a  minor  fraction 
This  rules  out  using  gaseous  compounds  of  elements  to 
produce  discharges  of  the  desired  element  if  the  ion  of 
the  combining  element  is  more  stable.  It  is  preferable  to 
create  di.scharges  by  evaporation  from  an  oven  contain-- 
ing  the  required  ion  element. 

At  pre.sent  H  '  and  D  are  formed  from  di.scharges 
of  this  type  at  energies  of  up  to  100  keV  and  beam 
currents  from  a  single  aperture  of  more  than  100  mA 
(7,8).  Negative-lithium  beams  have  been  formed  at  low 
energies  and  modest  currents  from  a  small  discharge 
chamber  [10]  and  O  beams  have  been  produced.  In  the 
latter  case  filament  erosion  is  a  serious  problem  and  an 
rf  discharge  technique  has  'neen  successfully  de-.'cloped 

19) 

In  the  ca.se  of  the  other  elements  no  experimental 
work  has  been  done  but  the  technology  of  positive-ion 
sources  in  this  area  can  be  transferred  directly  to  .he 
design  of  a  negative-ion  source,  as  the  only  major 
difference  is  the  addition  of  a  magnetic  filter  within  the 
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discharge  chamber.  However,  the  potential  of  nesattve- 
ion-beam-based  systems  is  significant  -  not  only  could 
charging  effects  be  reduced  but  mass  analysis  could  be 
considerably  simplified  and  the  attendant  impurities 
caused  by  beam  impingement  substantially  reduced. 
Such  a  capability  could  be  particularly  important  for 
the  low-energy  beams  required  for  -hallow  doping.  Al¬ 
ternatively,  crude  mass  analysis  coula  pioduce  very- 
high-purity  beams. 
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A  low-energy  fast-atom  beam  source 
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The  characteristics  of  a  low-energy  (1-1,5  keV)  fast-atom  beam  (FAB)  source  have  been  investigated  The  FAB  was  produced  by 
resonance  charge  exchange  of  argon  ions  extracted  from  an  rf  multiaperture  ion  source  on  the  gas  flowing  out  of  the  source.  A  20  mm 
diameter.  1.5  keV  argon  FAB  with  an  equivalent  current  density  of  0  9  mA/cm^  has  been  obtained. 


1.  Introduction 

Great  interest  has  been  recently  shown  in  the  use  of 
fast-atom  beams  (FABs)  for  analytical  and  technologi¬ 
cal  applications.  The  use  of  FABs  instead  of  ion  beams 
IS  es.sential  for  secondary-ion  mass  .spectrometry  when 
solving  problems  related  '• }  charging  of  dielectric  surface 
[1.2].  A  FAB  IS  preferable  from  the  viewpoint  of  reduc¬ 
ing  disruption  of  stoichiometric  oxides  [3]  and  the  val¬ 
ues  of  the  interface  charge  and  the  surface  state  density 
in  SiOj-Si  structures  [4.5] 

Efficient  FAB  sources  are  required  to  implement  the 
advantages  of  FAB  processing  of  dielectric  and  semi¬ 
conductor  materials  As  in  the  case  of  ion  beam  etching, 
this  calls  for  a  FAB  with  a  beam  diameter  of  several 
centimeters  operating  in  the  range  0,5-2  keV  at  an 
equivalent  current  density  of  about  I  mA/cm‘  The 
known  low-energy  argon  FAB  sources  are  bas“d  on 
charge  exchange  of  Ar*^  ions  into  fast  Ar®  atoms  im¬ 
mediately  in  the  gas  discharge  plasma  of  the  ion  source 
[6.7],  Therefore.-  the  yield  and  energy  of  fast  atoms  are 
determined  by  the  parameters  of  gas  discharge  in  the 
ion  source  (pressure,  discharge  voltage).  This  presents 
problems  for  independent  contiol  of  such  FAB  parame¬ 
ters  as  energy  and  current  density  [6]  The  FAB  source 
suggested  is  to  a  large  extent  free  from  this  disad¬ 
vantage. 

2.  Generation  of  fast-atom  beams 

The  only  way  to  produce  an  inert-gas  FAB  is  the 
charge-exchange  method.  The  greatest  fast-atom  yield  is 
achieved  in  the  low-cnergy  region  in  the  case  of  reso¬ 
nance  charge  exchange  of  ions  on  the  parent  gas.  This  is 
due  to  the  large  value  of  the  resonance  charge-exchange 
cross  section  o,o  at  low  energies.  For  instance,  for  the 
reaction  Ar  '^  +  Ar  -♦  Ar"  +  Ar'^,  0|„  =  2  x  10 '  cm^  at 
an  energy  of  1  keV  [1]. 


The  conventional  procedure  for  producing  fast-atom 
beams  in  experiments  on  the  physics  of  atomic  colli¬ 
sions  consists  of  passing  an  ion  beam  through  a  gas 
target  in  a  collision  chamber  The  part  of  the  ion  beam 
transformed  into  low-energy  fast  atoms  can  be  esti¬ 
mated  from. 

/■)  =  ! -exp(-3.2x'10'Vr'a,o).-  (1) 

where  a^g  [cm^]  is  the  charge-exchange  cross  section,  p 
[Torr]  is  the  gas  pre.ssure  in  the  collision  chamber  and  f 
[cm]  IS  the  length  of  the  collision  chamber.  Estimates 
indicate  that  at  10  cm  and  p  =  5  X  10“^  Torr  over 
90%  of  the  1  keV  Ar  ^  ions  can  be  transformed  into  fast 
atoms  with  the  same  energy.  Eq.  (1)  is  only  valid  if  the 
capture  cross  section  a,o  is  much  larger  than  the  lo.ss 
cross  section  Oo,.  However,  this  scheme  of  producing  a 
low-energy  FAB  with  a  large  diameter  is  difficult  to 
realize  since  it  also  requires  large  diameters  of  the  inlet 
and  outlet  channels  of  the  collision  chamber.  This  leads 
to  considerable  gas  leak-in  and  necessitates  the  use  of 
vacuum  pumps  with  a  high  pumping  speed.  Moreover, 
the  use  of  the  collision  chamber  results  in  the  location 
of  the  sample  to  be  farther  from  the  ion  source  and  the 
decrease  of  the  equivalent  fast-atom  current  density 
owing  to  the  angular  divergence  of  the  low-energy  FAB. 
Therefore,  we  rejected  the  collision  chamber  and  made 
an  attempt  to  realize  Ar'^.-ion  charge  exchange  in  the 
parent  neutral  gas  flowing  from  the  ion  source 

3.  Description  of  the  fast-atom  beam  source 

The  .source  of  positive  ions  was  based  on  an  rf  ion 
source.  The  latter  operates  at  a  relatively  high  gas 
pressure  in  the  discharge  chamber  (p  =  lO"'  Torr)  as 
contrasted  to.  for  instance,  the  Kaufman  source  ( p  = 
lO  "’  Torr).  This  enables  charge  exchange  of  positive 
ions  extracted  from  the  source  on  the  parent  gas  flowing 
from  the  source.  It  is  well  known  that  a  “thick”  extrac- 
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tor  with  a  channel  several  millimeters  long  is  used  in  rf 
sources  to  ensure  the  difference  in  pressure  between  the 
discharge  chamber  of  the  source  and  the  high-vacuum 
chamber.  When  extracting  ions  from  such  sources,  a 
negative  effect  is  observed  which  is  caused  by  a  signifi¬ 
cant  ion  loss  as  a  result  of  charge  exchange  of  ions  into 
fast  atoms  on  the  gas  in  the  long  extractor  channel  [8], 
This  phenomenon  was  used  to  produce  an  argon  FAB 
of  a  large  diameter  utilizing  a  multiaperture  “thick” 
extractor. 

The  schematic  diagram  of  the  multiaperture  fast 
argon  atom  source  is  shown  in  fig.  1.  The  discharge 
chamber  of  the  rf  source  is  made  of  quartz.  An  argon  rf 
discharge  was  excited  by  an  inductor  connected  to  an  rf 
generator  (P  =  400  W,  /=  13.56  MHz).  An  extracting 
ion  optical  system  included  a  screen  grid  made  of  0.5 
mm  thick  molybdenum  foil  and  a  “thick”  extractor. 
The  screen  gnd  had  40  holes,  2  mm  in  diameter,  arranged 
over  a  20  mm  diameter  circle.  The  extractor  had  2  mm 
diameter  cylindrical  channels.  The  spacing  between  the 
screen  gnd  and  the  extractor  was  1  mm.  When  passing 
through  the  long  extractor  channels,  part  of  the  Ar’’ 
ions  extracted  from  the  source  were  transformed  into 
fast  atoms  by  way  of  resonance  charge  exchange  on  the 
parent  gas  flowing  from  the  source.  As  a  result,  a 
compound  beam  of  ions  and  fast  atoms  with  equal 
energy  was  formed  at  the  source  outlet.  The  ions  were 
removed  from  the  beam  by  an  electrostatic  field  and  a 
pure  beam  of  fast  argon  atoms  struck  the  target.  The 
high-vacuum  chamber  connected  to  the  source  was 
pumped  down  by  a  600  1/s  diffusion  pump. 

The  radial  distribution  of  the  fast-atom  equivalent 
current  density  was  measured  by  a  moving  thermocou¬ 
ple  detector  which  was  an  8  mm  diameter  disk  made  of 
50  Jim  thick  tantalum  foil.  .A  thermocouple  was  welded 


Ar 


Fig  1  Schematic  diagram  of  the  FAB  source 


Fig.  2.  Pioportion  of  fast  atoms  in  the  beam  versus  chamber 
pressure. 

onto  the  reverse  side  of  the  disk.  The  inlet  aperture  of 
the  detector  was  2  mm  in  diameter.  The  detector  was 
calibrated  by  an  ion  beam  with  known  energy.  The 
sensitivity  of  the  detector  was  1.6  X  10“^  V/W.  At  the 
same  time  it  could  operate  in  the  Faraday  cup  mode  to 
measure  the  ion  component  current  of  the  beam. 

4.  Experimental  results  and  discussion 

From  eq.  (1)  it  follows  that  the  dependence  of  the 
yield  of  fast  argon  atoms  upon  resonance  charge  ex¬ 
change  at  a  given  energy  is  defined  by  the  product  of 
the  gas  pressure  in  the  extractor  channel,  p.  and  the 
channel  length  f  The  channel  length  was  varied  from  5 
to  12  mm.  The  pressure  in  the  channels  could  be  indi¬ 
rectly  estimated  by  the  argon  pressure  in  the  high- 
vacuum  chamber. 

Fig.  2  shows  the  percentage  of  fast  argon  atoms  in 
the  beam  at  the  rf  source  outlet  versus  pressure  in  the 
high-vacuum  chamber  for  an  optimal  extractor  channel 
length  of  10  mm  Measurements  were  taken  on  the 


Fig  3  Radial  distribulion  of  FAB  equivalent  current  density. 
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beam  axis  at  a  distance  of  7  cm  from  the  rf  source  at 
energies  of  1  and  1.5  keV.  It  is  seen  that  at  an  optimal 
pressure  the  beam  contains  up  to  80%  fast  argon  atoms. 

Fig  3  illustrates  the  radial  distribution  of  the  equiv¬ 
alent  current  density  of  the  fast  argon  atoms  at  1  and 
1  _5  keV,  respectively,  measured  in  the  optimal-operation 
mode  of  the  rf  source  (high-vacuum  chamber  pressure 
=  2  X  lO"''  Torr).  At  1.5  keV  the  fast-atom  equivalent 
current  density  reaches  0.9  mA/cm^  which  is  sufficient 
for  the  use  of  this  source  in  the  etching  of  dielectric 
materials  The  equivalent  current  density  may  be  in- 
crea.sed  by  increasing  the  geometric  transparency  of  the 
electrodes  of  the  ion  extraction  system.  In  principle 
there  are  no  restrictions  on  the  increase  of  beam  diame¬ 
ter.  No  impurities  were  observed  in  the  mass  spectrum 
of  ions  extracted  from  the  source 


5.  Conclusion 

It  has  been  shown  that  an  efficient  low-energy  fast- 
inert-gas  atom  source  can  be  created  on  the  basis  of  the 
rf  ion  .source  using  resonance  chaige  exchange  of  ions 


on  the  parent  gas  emerging  from  the  source.  In  the 
optimal-operation  mode,  up  to  80%  Ar"^  ions  are  trans¬ 
formed  into  fast  atoms.  The  obtained  equivalent  current 
densities  of  the  fast  Ar*’  atoms  appreciably  exceed  those 
obtained  with  the  use  of  other  ion  sources. 
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A  double  hollow  cathode  ion  source  can  produce  high  current  and  a  high  amount  of  metal  ions  (Mo.  Ta,  etc  )  bv  using  a  new 
sputtering  mode  of  hollow  cathode  discharge.  A  high  density  plasma  is  formed  inside  the  narrow  canal  of  the  second  hollow  cathode, 
which  IS  located  between  the  first  hollow  cathtxle  and  an  anode  along  an  axial  magnetic  field  (0  6-1.5  kG)  A  negative  sputter  voltage 
IS  applied  to  'he  second  hollow  cathode  with  icspect  to  the  anode,  resulting  in  sputtering  and  ionization  of  the  refractory  material  of 
this  cathode  In  the  case  of  a  Mo  or  Ta  sputter  target  with  an  argon  earner  gas.  the  metal  ion  ratio  reaches  49-51%  at  a  sputter 
voltage  in  the  range  460-580  V  A  total  ion  beam  current  of  9.0  mA  is  obtained  at  an  extraction  voltage  of  20  kV 


I.  Introduction 

The  use  of  ion  beams  as  an  effective  means  for 
changing  the  surface  properties  of  matenals  has  gained 
increasing  interest  in  the  last  few  years  There  is  a  great 
demand  for  tons  of  various  kinds  of  refractory  materi-- 
als,  such  as  molybdenum  (Mo),  titanium  (Ti)  and 
tantalum  (1  a),  for  new  material  production  and  plasma 
processing 

Cathode  sputtering  is  the  most  universal  method  to 
feed  metal  ions  into  an  ion  source  discharge  However,- 
the  amount  of  metal  ions  in  the  total  ton  beam  is  10  to 
20%  and  the  metal  ton  bean  current  is  several  hundred 
pA. 

In  order  to  increase  the  amount  of  metal  tons  and 
metal  ton  beam  current,  a  double  hollow  cathode  ton 
source  has  been  developed  for  the  prtrduction  of  tons  of 
various  refractory  materials  by  using  the  sputtering 
technique  of  hollow  cathode  discharge  [1,2].  This  ion 


source  consists  of  two  hollow  cathode  tubes  with  differ¬ 
ent  diameters,  connected  in  .senes  and  made  of  refrac¬ 
tory  materials.  The  discharge  path  becomes  narrow  tn 
the  second  hollow  cathode,  which  is  located  between  the 
first  hollow  cathode  and  an  anode.  An  axial  magnetic' 
field  serves  to  further  compress  the  narrowed  di.scharge 
path  The  role  of  these  structures  of  the  ion  source  is  as 
follows  A  high  density  plasma  is  formed  inside  the 
narrow  canal  of  the  second  hollow  cathode.  A  negative 
high  voltage  { -  1  kV)  is  applied  to  the  second  hollow 
cathode  with  respect  to  the  anode,  resulting  in  sputter¬ 
ing  of  the  refractory  material  of  this  cathode.  The 
sputtering  efficiency  can  be  increased  by  increasing  the 
negative  voltage  without  affecting  the  main  discharge 
conditions  The  sputtered  refractory  materials  of  the 
second  hollow  cathode  can  be  effectively  ionized  by  this 
high  density  plasma  and  a  new  discharge  mode;  hollow 
cathode  discharge  with  inverse  magnetron  mode 

In  this  paper,  we  describe  our  ion  source  developed 


Fig.  I  Schematic  diagram  of  the  double  hollow  cathode  metal  ion  source. 
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to  produce  metal  ions  of  Mo  or  Ta  and  investigate  the 
characteristics  of  extracted  ion  beams. 


2.  Experimental  apparatus 

Our  ion  source  (fig.  1)  consists  of  three  parts:  a 
cylindrical  hollow  cathode,  a  second  narrow  hollow 
cathode  as  a  sputter  target,  and  an  anode.  The  dimen¬ 
sions  of  the  first  cylindrical  hollow  cathode  are  40  mm 
diameter  and  70  mm  length.  In  front  of  the  first  hollow 
cathode,  there  is  a  narrow  orifice  (4  mm  diameter) 
which  is  formed  by  a  tapered  electrode  and  a  floating 
electrode  (4  mm  diameter  and  16  mm  length)  which  is 
made  of  ceramic  insulator.  The  second  narrow  hollow 
cathode,  which  has  a  small  canal  (4-8  mm  diameter  and 
12  mm  length),  is  electrically  insulated  from  the  other 
electrode.  Both  the  first  and  the  second  hollow  cathode, 
which  are  made  of  a  refractory  metal  (Mo,  Ti  or  Ta), 
serve  as  a  sputter  target.  The  construction  of  the  second 
hollow  cathode  is  such  that  it  is  easy  to  replace  the 
target  material.  The  anode  is  the  inner  surface  of  a 
canal  (4  mm  diameter  and  2  mm  length).  An  axial 
magnetic  field  of  up  to  0.6 -1.5  kG  is  produced  by  a 
magnetic  coil,  and  a  mild  steel  yoke  surrounds  the  first 
hollow  cathode  legion.  Argon  carrier  gas  is  fed  through 
a  small  orifice  (1  mm  diameter)  in  the  back  of  the  ion 
repeller  (30  mm  diameter)  at  the  bottom  of  the  cathode. 
The  copper  blocks  which  are  in  thermal  contact  with 
the  first  and  second  hollow  cathodes  are  water-cooled  in 
order  to  sustain  a  cold  hollow  cathode  discharge  mode. 
Hollow  cathode  effects  [3,4]  help  to  produce  a  high 
density  plasma  and  ionize  the  metal  ions  in  our  ion 
source.  Also,  the  hollow  cathode  may  be  one  of  the 
solutions  to  improve  the  lifetime  of  the  ion  source 
be  :ause  of  a  large  electron  emitting  capability  (5,6).  In 
this  ion  source,  the  large  pressure  difference  between 
the  hollow  cathode  tube  and  an  ion  beam  region  can  be 
easily  maintained.  The  pressure  in  the  first  hollow 
cathode  tube  is  typically  between  0.2  and  0.7  Torr, 
while  the  pressure  in  the  ion  beam  region  is  maintained 
to  below  1  X  lO'^  Torr  by  differential  pumping 

Fig  2  shows  the  geometrical,  magnetic  and  electrical 
parameters  of  our  ion  source.  A  discharge  is  formed 
between  the  first  hollow  cathode  and  the  anode  inside 
the  small  canal.  The  plasma  is  compressed  when  it  flows 
through  the  small  canal  of  the  second  hollow  cathode 
along  the  axial  magnetic  field;  as  a  result,  the  tempera¬ 
ture  and  density  of  the  plasma  in  this  cathode  are  raised 
significantly  A  highly  ionized,  relatively  dense  plasma 
exists  near  the  anode.  When  a  negative  sputter  voltage 
(up  to  1  kV)  with  respect  to  the  anode  is  applied  to  the 
second  hollow  cathode  as  shown  in  fig.  2,  the  target 
material  of  the  atvond  hollow  cathode  is  sputtered  by 
dense  plasma  inside  the  canal.  At  the  same  time,  the 
motion  of  the  emitted  electrons  from  the  second  hollow 


Fig  2  Magnetic  and  electric  parameters  of  our  ion  source 
(a)  magnelic  field  distribution,  (b)  design  and  electric  circuit. 


cathode  is  an  inverse  magnetron  one  along  an  axis 
perpendicular  to  both  B  and  E  in  this  cathode.  The 
resulting  motion  is  effective  for  the  ionization  of  the 
metal  atoms.  In  this  method,  the  metal  ion  beam  cur¬ 
rent  and  the  metal  ion  ratio  can  be  easily  increased  by 
changing  the  negative  sputter  voltage  applied  to  the 
second  hollow  cathode  without  changing  the  other  dis¬ 
charge  conditions. 

Ions  are  extracted  through  a  small  outlet  aperture  on 
the  anode  They  are  accelerated  by  the  potential  dif¬ 
ference  between  the  anode  and  the  extractor.  The  ex¬ 
traction  voltage  for  ion  beams  is  ~  5-20  kV..  The  total 
ion  beam  current  is  measured  by  a  movable  Faraday 
cup  placed  just  behind  the  extractor.  The  mass  spec¬ 
trum  IS  analyzed  by  a  90  °  sector  magnet. 


3.  Experimental  results 

We  have  investigated  some  characteristics  of  the 
double  hollow  cathode  metal  ion  source  using  a  sputter 
target  made  of  Mo  or  Ta. 

Fig.  3  shows  the  extracted  current  (O,.  a,  □)  and 
the  total  ion  beam  current  /p  (•,  a,  ■)  as  functions  of 
the  extracted  voltage  f'bx  at  a  discharge  current  of  0.4 
A  and  a  gas  pressure  of  0.3  Torr  by  using  the  Mo 
sputter  target.  When  the  potential  of  the  second  hollow 
cathode  is  floating,  /px  is  saturated  with  the  increa.se  of 
the  extracted  voltage  ^"EX■  However,  when  the  sputter 
voltage  IS  applied  up  to  =  600  V,.  Ip  is  unsaturated 
and  reaches  up  to  9.0  mA  at  the  extracted  voltage  of  20 
kV.  It  is  clear  that  the  plasma  density  is  increased  in  the 
second  hollow  cathode  by  applying  the  sputter  voltage. 
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Fig,  3  The  extracted  current  /^x  (o,  a.  D)  and  the  total  ion 
beam  current  1^.  (•,  a.  ■)  as  functu,.is  of  the  extracted  voltage 
I’lx  at  a  discharge  current  /j  of  04  A  and  a  gas  pressure  of 
0.3  Torr 


Fig  4  shows  the  ton  beam  current  of  Ar"  and  Mo* 
plotted  against  the  sputter  voltage  at  an  extracted 
voltage  of  5  kV.  The  diameter  d  of  the  second  hoilow 
cathode  changes  as  4  (O.  •),  6  (a,,  a)  and  8  mm  (□.  ■). 
The  argon  pressure  in  the  first  hollow  cathode  tube  is 


Sputter  Voltage  VsfV) 


Fig  4.  The  ion  beam  current  of  Ar’  and  Mo*  is  plotted 
against  the  sputter  voltage  when  the  diameter  d  of  the 
second  hollow  cathode  is  changed  from  4  to  8  mm.  at  a  gas 
pressure  of  0.2  Torr  and  a  discharge  current  of  0  8  A 


Sputter  Voltage  V^fV)' 

Fig.  5.  The  metal  ion  ratio  a  and  the  sputter  current  /,  are 
plotted  against  the  sputter  voltage  1'  under  the  same  condi¬ 
tions  as  in  fig.  4 

approximately  0.2  Torr  and  the  discharge  current  is 
fixed  at  0  8  A  In  the  ca.sc  of  (f=  8  mm.  Mo"*  rapidly 
rises  with  increasing  I';,,  although  Ar*  decreases 

In  fig.  .*i  the  metal  ion  ratio  o  (Mo  ^/fAr* -t-  Mo*)) 
and  the  sputter  current  are  plotted  against  the  sputter 
voltage  K,  at  the  same  conditions  as  in  fig.  4  The  /., 
initially  increases  like  the  lon-saturation  characteristic 
until  K,  =  200  V  After  that,,  the  K,-/^  curve  shows 
substantial  deviation  from  the  lon-.saturation  curve  with 
the  increase  of  d  of  the  second  hollow  cathode.  It  is 
evident  that  the  discharge  mode  is  shifted  from  the 
conventional  .sputter  mode  to  a  new  discharge  mode 
with  increasing  K,  This  new  discharge  mode  caused 
both  sputtering  and  ioni/.ation:  the  hollow  cathode  dis¬ 
charge  with  inverse  magnetron  motion.  In  particular., 
when  8  mm.  /.,  rapidly  increases  with  increasing  K, 

When  is  equal  to  700  V,.  a  and  are  -  34%  and  1.7 
A  ( --  674  mA/cnr),  re.spectively. 


Table  1 

Typical  parameters  and  the  metal  ion  ratio  of  our  ion  source 
for  an  extracted  voltage  of  5  kV 


Mclal 

Di.vchargc' 

Sputter 

Metal  ion 

power 

power 

ratio  a 

/dXFa 

/,x  K, 

1%) 

[W] 

(W) 

Mo 

08x300 

1.74x580 

51 

Ta 

0.8  X  320 

1.72x460 

49 
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Typical  parameters  of  the  discharge  characteristics 
and  the  metal  ion  ratio  a  for  the  Mo  and  Ta  sputter 
targets  are  given  in  table  1  for  a  5  kV  extracted  voltage 
at  a  gas  pressure  of  0.3  Torr.  At  a  sputter  voltage  in  the 
range  460-580  V..  is  ~  1.7  A  and  a  is  49-51% 

The  lifetime  of  this  ion  source  is  about  6  h  and  it  is 
limited  by  the  dielectric'  breakdown  between  the  anode 
and  the  sputter  target 

4.  Conclusions 

We  have  developed  the  double  hollow  cathode  metal 
ion  source  in  order  to  increase  the  metal  ion  ratio  and 
the  ion  beam  current  When  the  sputter  voltage  is 
applied  perpendicular  to  the  axial  magnetic  field  in  the 
second  hollow  cathode,  a  new  discharge  mode  is  ob¬ 
tained:  the  hollow  cathode  di.scharges  with  inverse  mag¬ 
netron  motion  Our  experimental  results  with  this  ion 
source  have  shown  that  refractory  materials  (Mo  t  '  Ta) 
of  the  second  hollow  cathode  can  be  effectively  sputtered 
and  ioni?ed  by  this  new  discharge  mode  by  changing  its 
diameter  from  4  to  8  mm.  At  the  sputter  voltage  from 
4(K)  to  7(X)  V,  the  metal  ion  ratio  o  is  ~  .30-51%  The 


total  ion  beam  current  obtained  is  -  9  0  mA  for  a  20 
kV  extracted  voltage 
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A  cold-hollow-cathode  lateral-extraction  Penning  ion  source 

M.  Ma.  J.E.  Mynard,  B.J..  Sealy  and  K.G.  Stephens 

Deparlmeni  of  Elettronic  an<J  Electrual  Enpncermf’.  Vmi'er\tiv  of  Surrey.  Guildford.  Surrei  GLJ  5,\'lt.  UK 


\  cold-cathode  lateral-extraction  ion  source  has  been  developed  This  source  has  two  hollow  cathodes  made  of  either  graphite  or 
titanium,  which  allows  an  increase  in  the  arc  current  and  a  reduction  in  both  the  arc'  voltage  and  the  discharge  pressure  As  a 
consequence  the  ion  current  is  larger  and  a  good  yield  of  multicharged  ions  and  atomic  ions  can  be  realised  from  a  compsund  source 
material 


1.-  Introduction 

An  ion  source  which  can  produce  multicharged  ion 
beams  is  important  for  high-energy  ion  implantation 
research.  So  far,,  the  most  universally  used  is  the  Pen¬ 
ning  source,  especially  the  cold-cathode  lateral-extrac¬ 
tion  Penning  source.  However,  one  of  the  most  im¬ 
portant  limiting  features  of  this  source,  as  outlined  in 
ref  (1|,  is  the  rapid  wear  of  the  cathodes  by  sputtering 
under  positive-ion  bombardment.  When  the  indentation 
worn  in  the  cathode  becomes  about  as  deep  as  its 
radius,  the  arc'  becomes  unstable  and  difficult  to  strike. 
To  overcome  this  .  roblem,  we  u.se  two  cylindrical  hol¬ 
low  cathodes,  instead  of  the  original  solid  cathodes, 
which  were  in  the  form  of  a  column.  In  this  paper  we 
discuss  the  structure  of  the  new  source  and  present 
some  experimental  results  of  its  use  and  application 


2.  The  structural  characteristics  of  the  ion  source 

The  structure  of  the  ion  .source  is  shown  in  fig  1. 
Details  of  the  various  components  of  the  source  follow 

2  I  The  iuihodc 

There  are  two  hollow  cathodes.  Both  are  made  in  the 
shape  of  a  cup  as  shown  in  fig.  1  (number  4)  Their 
internal  diameter  is  5  5  mm  and  the  depth  6  5  mm. 
Ideally  the  cathodes  should  be  made  of  a  material  with 
a  high  secondary-electron  emission  coefficient,  a  low 
lon-^puttenng  coefficient  and  a  high  melting  point  In 
this  work  both  carbon  and  titanium  have  been  used  for 
the  cathodes.  As  the  hollow  cathode  should  work  in  an 
area  free  of  magnetic  fields  [2],  a  magnetic  shielding 
ring  of  stainless  steel  (fig.  1,  number  5)  is  placed  around 
each  of  the  cathodes. 
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2.2  The  an  chamber 

This  was  designed,  from  data  given  by  ref  [3].  as  a 
graphite  cylinder  with  an  internal  diameter  of  8  mm  and 
length  32  mm.  In  order  to  allow  the  arc  chamber  to 
operate  at  a  high  temperature  (eg... 450° C).  a  small  gap 
was  maintained  between  the  ch.tmber  and  the  source 
body  to  increase  the  heat  resistance,  enabling  the  semree 
to  use  some  solid  materials 

2  J  The  eMractian  'tvsiem 

I  he  lon-emitting  aperture  is  a  circular  hole  of  2  mm 
chameter  in  the  wall  ol  the  anode  The  cold-cathode 
Penning  lon  source  needs  to  have  a  relatively  high 
magnetic  field  For  lateral  extraction  sources,  the  ions 
emitted  from  the  anode  must  cross  over  the  magnetic' 
field  lines,  which  deflect  them  This  is  unfavourable  to 
the  transport  of  ion  beams  m  the  implanter  system.  To 
minimise  this  deflection,  the  extraction  electrode  is  made 
of  a  magnetic  stainless  steel,  which  acts  as  a  screen  to 
the'  source  magnetic"  field  In  doing  this,  however,,  it  is 
necessary  to  prevent  this  screen  from  partially  shorting 
out  the  magnetic  field  of  the  source,  which  would  weaken 
and  distort  the  magnetic  field  in  the  arc'  chamber.  This 
shorting  effect  is  minimised  by  making  the  extractor  in 
the  form  of  a  circular  cone  with  a  3  mm  extraction  hole, 
as  shown  in  fig  1  (number  6). 

4  The  feed  sv.stem  for  source  materials 

This  IS  a  typical  combined  system  of  a  gas  inlet  and 
a  crucible  for  solid  materials  The  crucible  is  made  of 
graphite  and  can  be  heated  by  directly  passing  an 
electrical  current  through  its  thin  wall.  Tests  show  that 
the  temperature  can  rise  to  600  °C  when  the  heating 
current  is  40  A. 
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M  Ma  el  al  /  A  cold-cathode  ,on  source 


Fig.  1  The  structure  of  the  ion  source  (1)  gas  inlet.  (2)  crucible,  (3)  anode,  (4)  hollow  cathode.s.  (5)  magnetic  shield  and  (6)  extraction 
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cathode  in  a  low  pressure 
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Fig.  6  The  discharge  characteristics  with  a  titanium 
cathode  in  a  low  pressure 


hollow 


steel  for  comparison)  with  gases  of  Ar,,  Nj  and  SiF4, 
respectively  These  experiments  have  shown  that  the 
effects  of  the  hollow  cathode  m  a  discharge  are  signifi¬ 
cant. 

.?  /  The  comparison  of  a  hollow  cathode  with  a  column 
cathode  in  a  discharge 

Fig.  3  gives  three  curves.  They  are  obtained,  respec¬ 
tively,  using  the  hollow  cathode  with  a  magnetic  shield, 
the  hollow  cathode  without  a  magnetic  shield,  and  for 
the  conventional  cat.  de  in  column  form.  From  these 
curves  we  can  conclude  that  the  magnetic  shield  plays 
an  important  role  in  the  discharge  and  that  the  hollow 
cathode  does  increase  the  arc  current,  at  a  lower  dis¬ 
charge  pre.ssure.  thereby  enabling  the  use  of  a  lower  arc 
voltage  and  consequently  a  smaller  source  magnetic 
field.  Note  that  the  pressure  given  in  this  paper  was 
measured  in  the  vacuum  system  after  the  ton  source,  not 
inside  the  discharge  chamber.  The  lifetime  of  the 
cathodes  is  no  longer  limited  by  the  sputtering  of  ions 
as  mentioned  in  section  1.  The  experiment.^  show  that 
the  hollow  cathode  will  work  well  for  more  than  50 


hours  until  its  wall  is  punctured  by  the  sputtering  of 
ions. 

We  have  .searched  for  reasons  why  the  arc  current  is 
higher  with  a  hollow  cathode.  One  explanation  is  that 
the  slow-moving  electrons  of  the  plasma  in  the  hollow 
cathode  join  the  ionisation  discharge  in  the  main  cham¬ 
ber.  because  although  the  positive  ions  in  the  hollow- 
cathode  plasma  are  quickly  extracted  to  the  walls  of  the 
hollow  cathode,  the  electrons  in  this  plasma  only  reach 
the  anode  with  some  difficulty.  Thus  these  slow  elec¬ 
trons  will  accumulate  and  this  will  result  in  a  potential 
difference  being  established  between  the  two  plasmas 
inside  and  outside  of  the  hollow  cathode.  In  this  way 
the  slow  moving  electrons  in  the  hollow -cathode  plasma 
may  be  accelerated  by  this  potential  difference  and 
consequently  obtain  enough  energy  to  join  the  ionisa¬ 
tion  discharge. 

3  2.  The  characteristwi  of  the  discharge 

Figs.  4-7  present  the  characteristics  of  the  discharge 
with  carbon  and  titanium  cathodes  using  different  di.s- 
charge  parameters.  From  these  figures  we  can  see  that: 
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Fig.  7  The  discharge  characteristics  with  a  titanium  hollow 
cathode  in  a  high  pressure. 
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M  Ma  et  al  /  A  cold-cathode  ton  source 


AnaXy«a.na  Maanet  Current  (  arb. unite  ) 


Fig.  8,  The  spectruir  of  an  ion  beam  using  S1F4  measured  on  a  500  keV  ion  implanter 


(I)  with  a  pressure  of  <  5  x  lO”*"  Torr,  the  are  current 
vanes  smoothly  with  magnetic  field  or  arc  voltage 
(.see  fig.  3).  but  the  discharge  becomes  unstable 
(hashy)  when  the  magnetic  field  is  above  that  for  a 
coil  current  of  3  A; 

(II)  with  a  pressure  >5x10  '’  Torr  the  discharge 
appears  to  have  two  working  positions,  a  high-volt¬ 
age- low-current  one  and  a  low-voltage- high-cur¬ 
rent  one,  as  the  arc  voltage  and  (or)  magnetic  field 
varies,  the  change  between  the.se  two  positions  is 
abrupt; 

(ill)  that  the  discharge  is  different  with  different  materi¬ 
als  and  si7.es  of  cathode;  furthermore  the  arc  volt-; 
age  is  lower  with  a  titanium  cathode  than  with  a 
carbon  cathode  for  the  same  arc  current. 

Note  also  that  a  stainless-steel  cathode  was  tested  for 
comparison,  but  although  the  discharge  was  good,  the 
sputtering  vs  as  too  severe  for  any  u.seful  application 
From  the  measurement  we  have  deduced  that  as  the 
internal  diameter  of  the  hollow  cathode  is  reduced,  so  is 
the  arc  current,  but  only  down  to  a  diameter  of  5  mm. 
Below  this  value  the  discharge  becomes  unstable  and  we 
do  not  appear  to  have  the  high-current-low-voltage 
discharge  position 

4.  Ion  beam  extraction  and  use  of  the  source  on  a  500 
keV  ion  implanter 

Figs.  4-7  have  shown  that  the  total  ion  beam  cur¬ 
rents  extracted  from  the  ion  .source  can  reach  900  pA,- 
in  this  case  the  beam  current  density  is  about  250 
mA/Vm^  for  each  ampere  of  arc  current,  and  the  extrac¬ 
tion  efficiency  (i  e...  the  ratio  of  extraction  beam  current 
to  the  loading  curicnl  of  the  extraction  supply)  is  more 
than  95%.,  which  implies  that  the  design  of  the  extrac¬ 
tion  .system  is  successful. 


This  ion  source  has  been  tested  on  the  Surrey  500 
keV  ion  implanter.  The  ion  beam  mass-analysing  spec¬ 
trum  with  a  .source  gas  of  S1F4  is  shown  in  fig.  8  The 
currents  of  different  charge  states  of  silicon  after  pass¬ 
ing  through  the  beam  line  of  length  8  m  into  the  target 
were.  Si  57  pA.  Sr  \  22  p  A.  Si’-',.  3  2  pA;  Si''^,  0.42 
pA.  Sr'-'..  0.05  pA  Fig.  8  shows  the  relative  contents  of 
multicharged  ions,  compound  ions  and  atomic  10ns.  e.g... 
Si  *■  relative  to  the  10ns  of  Si’"*,.  SiF  S1F2*  and  SiF,'  in 
the  ion  beam.  The  fraction  of  Si-*  and  Si’'  of  the  total 
ion  beam  is  larger  than  that  usually  achieved  in  ion 
implanters 


5.  Conclusion 

A  cold-hollow-cathode  lateral-extraction  Penning  ion 
source  has  been  developed.  Compared  with  1'  .onven- 
tional  cold-cathode  sources  in  ion  implanters  it  gives 
larger  ion  beam  currents,  containing  a  significantly 
higher  fraction  of  both  singly  charged  and  multi¬ 
charged.  atomic"  ions  when  using  compound  source 
gases  The  hollow-cathode  design  enables  large  arc  cur¬ 
rents  to  be  used  and  prolongs  the  lifetime  of  cathodes  to 
more  than  50  hours  These  preliminary  results  are  en¬ 
couraging,  but  we  have  yet  to  test  the  source  with  solid 
materials 


References 

(1)  J.RJ  Bennett,  IF.BF.  Trans  NucI  Sci  NS-19  (1972)  48 
12]  G  Sidenius.  NucI.  Instr  and  Mcth,  38  (1965)  19 
|3j  Song  Zhinhong,  Yu  Jinxiang,  Li  Rcnxing  and  Yuan 
Zhongxi",  Vacuum  36  (1986)  897, 


Nuclear  Instruments  and  Methods  in  Physics  Research  B55  (1991)  339-342 
North-Holland 


339 


Ion  beam  injection  system  for  a  variable  energy  RFQ  accelerator 
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A  new  injection  system  designed  for  a  variable  energy  RFQ  (radio  frequency  quadrupole)  accelerator  was  developed  from  the 
viewpoint  of  introducing  a  high  curient  ion  beam  into  the  RFQ.  This  injection  system  consists  of  a  high  current  multiply  charged  ion 
source,  a  sector-type  mass-separator.-  and  a  magnetic  quadrupole  triplet.  The  ion  source  is  designed  for  effective  production  of  a 
milhampere  class  lower-charge-state  multiply  charged  ion  beam.  The  mass-separator  has  a  double-focusing  action  in  orde'  to 
mass-separate  the  high  current  beam  The  quadrupole  lens  functions  to  focus  the  beam  at  the  RFQ  inlet  position.  In  the  experiments 
an  Ar*^  injection  beam  current  of  2  2  mA  and  an  Ar^*  current  of  1  7  mA  are  obtained.  The  injection  beam  size  is  10  mm  0.  A 
combination  of  this  injection  system  with  a  vanable  energy  RFQ  accelerator  should  provide  a  milhampere  class  MeV  ion  implanter. 


1.  Introduction  2.  Experimental  apparatus 


There  is  an  increasing  demand  for  a  high  energy  ion 
implantation  technique  to  be  applied  in  silicon  device 
fabrications  (1,2)  and  surface  modifications  [3,41  For 
these  applications,  a  milhampere  class  MeV  ton  beam  is 
necessary  to  obtain  high  throughput.  An  RFQ  accelera¬ 
tor  can  provide  an  accelerated  beam  current  of  milli- 
ampere  class  We  designed  a  new  variable  energy  RFQ 
accelerator  system  driven  by  an  external  LC  resonant 
circuit  [5],  This  system  can  provide  a  beam  of  wide 
energy  range  using  multiply  charged  ions 

To  realize  the  MeV  range  beam  of  milliamp'tre  cla.s.s. 
It  IS  neces.sary  to  introduce  a  several  milhampere  cla.ss 
beam  of  small  beam  diameter  into  the  RFQ.  The  beam 
si/e  of  10  mm  0  is  the  upper  limit  of  an  acceptable 
beam  size  which  can  be  introduced  into  the  RFQ  since 
the  conventional  RFQ  has  a  bore  radius  of  about  5  mm. 
We  have  already  designed  a  new  type  of  microwave 
multiply  charged  ion  source  and  a  sector-type  mass-sep¬ 
arator  (6,7).  The  mass-separated  Ar“*  beam  current 
reached  3  0  niA  at  20  kV  and  the  beam  had  a  square 
size  of  22  mm  x  22  mm.  In  order  to  inject  the  10  mm  0 
ion  beam  into  the  RFQ,  we  adopted  a  magnetic 
quadrupole  tnplet  This  is  because  a  stigmatic  beam 
image  is  easily  obtained  by  triplet  lens  operation  and 
this  magnetic  lens  is  suitable  for  high  current  beam 
transportation.  The  static  magnetic  field  does  not  gener¬ 
ate  a  beam  divergence  due  to  the  space  charge  effect, 
unlike  when  using  an  electric  field 

This  paper  de.scribes  the  results  of  high  current  beam 
focusing  characteristics  of  the  new  injection  system.  The 
usefulness  of  this  .system  especially  for  RFQ.s  is  also 
demonstrated. 


A  schematic  diagram  of  the  beam  injection  system 
and  beam  measurement  system  is  shown  in  fig.  1.  The 
ion  source  has  a  single  plasma  chamber,  which  is  cylin¬ 
drical  with  an  inner  diameter  of  90  mm  and  a  length  of 
211  rnm.  Two  types  of  magnetic’  fields,  a  mirror  and  an 
oc'i.pole  magnetic  field,  are  superimposed  on  the  entire 
plasma  chamber  and  a  2.45  GHz  microwave  is  intro¬ 
duced  into  the  chamber.  The  mass-separator  is  a  90° 
deflector  with  a  270  mm  radius  for  the  beam  trajectory. 
The  gap  of  the  magnetic’  separator  is  40  mm,  A  double- 
focusing  action  IS  used  to  obtain  a  high  current  mass- 
.separated  beam  Typical  characteristics  of  the  mass-sep¬ 
arated  beam  are  shown  in  fig  2 


Fig  1  Schematic  diagram  of  the  experimental  apparatus. 
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Absorbed  Microwave  Powe''  (kW) 

Fig  2  Dependence  of  mass-separated  Ar"^  beam  current  on 
absorbed  microwave  power  The  beam  current  was  measured 
by  a  Faraday  cup  of  22  x  22  mm^ 

The  magnetic  quadrupole  triplet  consists  of  three 
lenses  of  the  same  specifications  (Q1,Q2,  Q3)  Each 
lens  has  an  aperture  diameter  of  77  mm,  a  length  of  110 
mm  and  a  magnetic  pole  radius  of  +4  mm.  and  is  set 
with  a  190  mm  separation  Wc  considered  the  maximum 
ion  mass  number  to  be  84  (Kr)  and  the  maximum 
energy,  20  kV  The  total  length  of  this  triplet  lens  is  870 
mm. 

The  focu.sed  beam  is  measured  by  a  Faraday  cup 
which  IS  set  at  the  injection  point  of  the  RFQ  The 
aperture  in  front  of  the  cup  has  a  10  mm  diameter.  It 
was  observed  that  most  beams  are  injected  into  the  cup 
An  example  of  a  beam  trajectory  calculation  is  shown  in 


fig.  3  for  a  stigmatic  condition.  In  this  figure,  the 
starting  point  (left)  is  the  ion  extraction  point  of  the  ion 
source,  and  the  ending  point  (right)  is  the  entrance  of 
the  Faraday  cup.  The  image  magnification  is  about  0.8 


3.  Results  and  discussion 

This  section  describes  mainly  the  focused  beam  char- 
actenstics  of  Ar^%  because  the  beam,  accelerated  by 
the  RFQ.  is  proportional  to  the  charge  number  of  the 
ion  and  the  Ar^*  beam  current  is  over  a  milliampere 
after  pa.ssing  through  the  mass-separator. 

3. 1  Dependence  on  lens  field  strength 

The  dependence  of  focused  Ar^'*  beam  current  on 
the  Q,-lens  coil  current,  which  is  proportional  to  the 
magnetic  field  of  the  lens,  is  shown  in  fig  4  Q,-  and 
Qj-lens  currents  were  tuned  so  as  to  obtain  the  maxi¬ 
mum  beam  current  as  given  by  a  beam  trajectory  calcu¬ 
lation.  In  this  experiment,  the  measurement  conditions 
were:  argon  gas  pressure  in  the  plasma  chamber.-  9  9  x 
10“^  Pa;  absorbed  microwave  power,  400  W,  and  ex¬ 
traction  voltage,  24  kV  A  maximum  .Ar""^  current  of 
1  3  mA  is  obtained  at  a  under  the  coil  current  of  7  0  A, 
however,  the  beam  current  decreases  at  all  other  current 
values.  At  low  currents,  the  lens  strength  is  insufficient 
for  focusing  the  beam  into  10  mm  0,  On  the  other 
hand,  at  higher  currents  than  7  0  A.,  the  lens  field 
strength  is  too  high  to  obtain  a  high  current  focused 
beam.  The  beam  trajectory  simulation  indicates  a  high 
len.s-field-strength  results  in  the  beam  stopping  against 
an  inner  wall  of  the  vacuum  pipe  inserted  in  these 
quadrupole  lenses.  This  means  that  an  increase  in  the 
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Fig  3.  Example  of  the  calculation  of  beam  trajectory 
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Fig  4  Dependence  of  Ar^  ^  beam  current  on  lens  field 
strength  This  beam  was  measured  by  a  Faraday  cup  of  10  mm 
0  aperture 


lens  aperture  size  will  increase  the  focused  beam  current 
in  our  system. 

.?  2  Operating  conditions  of  the  ion  source 

The  operating  conditions  of  the  ion  source  were 
changed  and  the  focused  beam  current  was  investigated 


0  HV 


■» 


Gas 


t'  r  c  s  s  u  r  p  '('10 


Pa), 


Fig  5.  Dependence  of  Ar^*  beam  current  on  gas  pressure 
This  beam  was  measured  by  a  Faraday  cup  of  10  mm  0 
aperture. 


Absorbed  Microwave  Power  <W) 

Fig  6  Dependence  of  Ar’*  beam  current  on  absorbed  micro- 
wave  power  This  beam  was  measured  by  a  Faraday  cup  of  10 
mm  0  aperture. 


with  the  optimum  Q-lens  condition,  which  is  shown  in 
fig.  4.  The  dependence  of  Ar^"^  beam  current  on  gas 
pressure  is  shown  in  fig  5.  The  absorbed  microwave 
power  was  400  W.  and  extraction  voltage  was  24  kV.  An 
Ar^"^  beam  of  1.7  mA  is  obtained  at  a  pressure  in  the 
plasma  chamber  of  1  1  x  10“'  Pa.  The  reason  for  the 
decrease  of  Ar^^  current  at  the  high  pressure  region  is 
the  low  production  efficiency  of  multiply  charged  ions 
in  this  region.  It  is  important  to  set  the  pressure  suitable 
for  obtaining  maximum  Ar^"^  current.-  because  mainly 
the  gas  pressure  determines  the  production  efficiency  of 
multiply  charged  ions. 

The  dependence  of  focu.sed  Ar^*  current  on  ab¬ 
sorbed  microwave  power  is  shown  in  fig.  6.  In  this 
experiment,  argon  gas  pressure  in  the  plasma  was  1.0  x 
10  ’  Pa.  and  extraction  voltage  was  24  kV.  The  Ar^'*^ 


Table  1 

Principal  data  obtained  with  the  new  beam  injection  system 

( a )  Ion  beam  injeition  system  for  RFQ 
Ion  source'  2  45  GHz  microwave  discharge 

( mirror +  octupole  magnetic  field) 


Separator.  90°  deflector  with  270  mm  radius 
Lens:  triplet  magnetic  quadrupole 


{h)  10  mm  0  beam  current 

Ion  Current 

Beam  energy 

Microwave  power 

[mA] 

[keV] 

(Wj 

Ar*  2  2 

24 

370 

Ar^"  1.7 

48 

440 
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Accelerated  Beam  Energy  CkeV] 

Fig.  7.  Energy  spectrum  of  the  accelerated  740  keV  Ar‘^ 
beam  RF:  15  MHz  (10.5  kW),  RFQ.  1  3  m. 

current  is  almost  proportional  to  the  absorbed  micro- 
wave  power,  and  reached  1.7  mA  at  the  microwave 
power  of  440  W.  It  is  apparent  that  a  higher  absorbed 
microwave  power  in  the  plasma  is  very  effective  to 
produce  the  Ar^*  beam. 

Principal  operation  conditions  and  obtained  data  are 
summarized  in  table  1 

3  3.  Ar'*  beam  acceleration  test 

Fig.  7  shows  the  results  of  Ar^”^  beam  acceleration. 
The  vane  length  of  the  RFQ  was  1.3  m  and  operating 
frequency  was  15  MHz.  An  RF  power  of  10.5  kW  was 
introduced  into  the  RFQ  system  The  beam  energy  was 
measured  by  a  cylindrical  electrostatic  analyzer.  Results 
show  that  an  Ar^'*  beam  of  740  keV  is  accelerated  with 
an  FWHM  of  36  keV.  Accelerated  beam  current  mea¬ 
surements  just  after  the  RFQ  are  scheduled  in  the  near 
future. 


4.  Conclusion 

A  new  injection  system  consisting  of  a  microwave 
multiply  charged  ion  source,  a  sector-type  mass-sep¬ 


arator.  and  a  magnetic  quadrupole  triplet  was  shown  to 
be  very  useful  for  a  variable  energy  RFQ  accelerator 
system.  An  Ar'^  beam  of  2.2  mA  and  an  Ar^"^  beam  of 
1 .7  mA  were  obtained  under  a  500  W  microwave  power 
in  the  new  injection  system.  Widening  the  quadrupole 
lens  aperture  was  found  to  be  effective  for  obtaining  a 
larger  beam  current.  As  the  RFQ  has  a  high  trans¬ 
parency  ( >  50%),  a  combination  of  this  new  beam  injec¬ 
tion  system  with  a  variable  energy  RFQ  system  has  a 
good  potential  for  obtaining  a  milliampere  class  MeV 
ion  beam.  To  apply  this  injection  system  to  a  future 
MeV  ion  implanter.  a  beam  emittance  value  which  is 
measured  at  the  entrance  of  the  RFQ  must  be  investi¬ 
gated  with  the  beam  current  Measurements  of  the 
beam  current  and  emittance  value,  and  acceleration 
tests  are  scheduled  in  the  near  future. 
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Milliampere  metal  ion  beam  formation  using  multipoint  emission 
by  an  impregnated-electrode-type  liquid-metal  ion  source 
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Departmen!  of  Electronics,  Kyoto  University,  Kyoto  606,  Japan 


Intense  metal  ion  beams  are  required  in  advanced  matenals  science  in  which  the  kinetic  energy  and  the  potential  energy  should  be 
controlled.  In  the  present  study,  intense  metal  ion  beams  were  formed  using  multipoint  emission  by  a  high-intensity  impregnated- 
electrode-type  hquid-metal  ion  source  New  ion  sources  with  respectively  five  and  eight  emission  points  were  developed  and  their 
characteristics  were  examined  with  germanium  and  gold  as  source  materials  As  a  result,  it  was  shown  that  an  ion  current 
proportional  to  the  number  of  cusps  of  the  emitter  tip  could  be  obtained  by  multipoint  emission.  A  maximum  germanium  ion  current 
of  more  than  4  mA  was  obtained  with  the  eight-point  emission  source.  The  multipoint  emission  of  the  impregnated-electrode-type 
liquid-metal  ion  source  proved  to  be  a  potential  method  for  developing  a  high-current  metal  ion  source 


1.  Introduction 

Intense  metal  ton  beams  are  required  in  advanced 
materials  science  in  which  the  kinetic'  en<*'oy  and  the 
potential  energy  of  the  depositing  particl  should  be 
controlled.  Generally,  metal  ion  sources,  such  as  the 
Freeman  type  [1],  are  of  the  plasma  type,  in  which  the 
material  to  be  ionized  is  fed  as  a  pure  material  at  a  very 
high  temperature  or  as  a  compound  vapour  such  as 
halide  (2).  In  these  cases,  severe  problems  of  heat  and 
corrosion  anse;  the  power  consumption  is  very  high  and 
the  corrosive  gas  flows  out  into  the  vacuum  chamber. 
When  a  compound  gas  is  usvu,  a  niass  separator  with 
high  mass-resolution  power  is  needed  Ti’us,  a  metal  ion 
source  with  a  low  power  consumption  and  with  a  capa¬ 
bility  of  utilizing  pure  metal  matenals  at  low  tempera¬ 
tures  IS  desired.  One  promising  candidate  for  the  gen¬ 
eral  metal  ton  source  that  has  the  features  described 
above  is  a  liquid-metal  ion  source,  in  which  metal  tons 
are  produced  on  a  metal  surface  and  are  directly  ex¬ 
tracted.  Liquid-metal  ion  sources  have  some  unique 
features  such  as  high  bnghtness  [3]  and  the  capability  of 
operation  at  relatively  low  temperatures  as  compared 
with  plasma-type  metal  sources.  However,  conventional 
■lOurces,  i  e.  needle-type  and  capillary  needle-type 
sources  have  several  drawbacks'  (a)  they  cannot  deliver 
the  ion  currents  desired  in  the  materials  science,  and  (b) 
metals  whose  vapour  pressures  at  their  melting  points 
are  as  high  as  10"’  Torr  cannot  be  used  as  source 
matenals  [4],  The  reason  for  the  former  is  a  poor 
controllability  ol  liquid  flow  during  transportation  to¬ 
wards  the  emission  point.  The  reason  for  the  latter  is 
that,  at  temperatures  corresponding  to  a  vapoui  pres¬ 
sure  of  10"’  Torr,  most  of  the  metal  atoms  thcmally 


evaporate  during  the  feeding  of  the  liquid  metal  to  the 
emission  point.  These  drawbacks  are  attributed  to  their 
structures. 

To  overcome  the  drawbacks  described  above,  the 
authors  recently  developed  an  impregnated-electrode- 
type  liquid-metal  ion  source  with  a  porous  tip  structure 
[5-8],  This  ion  source  can  deliver  high-current  ion  beams 
of  several  hundreds  of  microamperes  even  from  a  single 
emission  point,  because  the  flow  rate  of  the  liquid  metal 
can  be  controlled  by  the  porous  region.  Ion  currents  of 
more  than  100  |iA  were  extracted  from  Li,  Cu,  Ga.  Ge, 
Ag,  In.  Sn.  Au  and  Pb  sources  with  single  emission 
points.  Besides  large  ion  currents,  metals  with  high 
vapour  pressures  of  10"’  Torr  can  be  ionized,  since  the 
liquid  metal  is  fed  through  the  porous  region.  Thus,  the 
impregnated-electrode-type  liquid-metal  ion  source  ts  a 
promising  candidate  as  an  intense  metal  ion  source  If 
the  number  of  the  emission  points  is  multiplied  to  a 
large  value,  a  milliampere-class  ion  source  will  be  easily 
realized.  The  authors  have  already  reported  on  an  in¬ 
tense  metal  ion  beam  formation  by  the  three-point 
emissivin  of  an  impregnated-electrode-type  liquid-metal 
ion  source  [9,10].  The  present  report  describes  the  result 
of  further  intensification  of  the  impregnated-electrode- 
type  liquid-metal  ion  source  by  multiplying  the  number 
of  emission  points  to  numbers  up  to  eight. 

2.  Structure  of  ion  source 

The  iiiipiegilatcd-clectiude-lype  liquid-metal  ion 
source  has  a  porous  tip  made  of  a  refractory  metal  The 
ion  source  has  a  cylindrical  reservoir  for  liquid  metal 
which  is  typically  made  of  tungsten.  The  reservoir  also 
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serves  as  a  heater  for  melting  the  metal  to  be  ionized.  A 
heating  current  is  supplied  through  molybdenum  knife- 
edged  electrodes  by  which  the  reservoir  is  rigidly  held. 

Fig.  1  shows  a  schematic  diagram  of  five  kinds  of  ion 
sources;  (a)  prototype,  (b)  has  most  of  its  porous  tip 
surface  covered  for  high-vapour-pressure  metals  and  (c) 
has  multipoint  emission  cusps  for  high-current  oper¬ 
ation.  The  cross-sectional  shape  of  the  reservoir  is  a 
circle  with  a  diameter  of  2  mm  for  sources  (a)  and  (b), 
and  an  ellipse  with  radii  of  1  and  2.5  mm,  respectively, 
along  the  minor  and  the  major  axis  for  source  (c).  In  the 
present  study,  new  types  of  sources,  (d)  and  (e),  which 
have  five  and  eight  emission  cusps,  respectively,  were 
developed.  The  cross-sectional  shape  of  the  reservoir  for 
source  (d)  is  the  same  as  that  for  source  (c).  For  source 
(e),  the  radius  along  the  major  axis  was  prolonged  to  5 
mm. 


3.  Multipoint  emission 

As  previously  confirmed,  the  impregnated-elec- 
trode-type  liquid-metal  ion  source  can  be  operated  with 
three-point  emission.  In  this  report,  further  multiplica¬ 
tion  of  the  emission  points  was  performed  with  the  new 
sources  (d)  and  (e)  which  are  shown  in  fig.  1. 

In  multiplying  the  emission  points,  careful  design  of 
the  extractor  is  needed  to  realize  effective  and  stable 
operation.  The  lon-optics  in  the  extraction  region  af¬ 
fects  the  ion  beam  trajectories  in  the  following  space. 
The  authors  designed  the  shape  of  the  extractor  with  the 
aid  of  a  three-dimensional  computer  simulation.  The 
calculation  wjs  carried  out  to  form  electric  fields  of  the 


same  strength  and  direction  upon  the  apexes  of  the 
cusps.  The  details  of  the  simulation  are  described 
elsewhere  [11].  The  calculation  revealed  that  a  slit-type 
extractor  with  an  open  side  was  suitable  for  the  present 
source  geometry.  If  a  rectangular  aperture  were  to  be 
used  as  an  extractor,  the  electnc  field  on  the  apex  of  the 
end  of  the  tip  would  have  a  fairly  large  component 
towards  the  outer  direction.  To  correct  the  electnc  field, 
the  edge  of  the  extractor  aperture,  which  affects  the 
electric  field  in  the  outer  direction  on  the  apex  of  the 
corner,  should  be  placed  far  away  from  the  tip.  With  the 
slit  extractor,  such  an  edge  does  not  exist. 

Besides  ion-optics,  the  configuration  of  the  extractor 
involves  another  senous  problem:  bombardment  of  the 
tip  by  secondary  electrons  produced  by  the  impact  of 
the  extracted  ion  beam.  The  bombardment  by  the  elec¬ 
trons  heats  the  emitter  tip  excessively,  often  resulting  in 
unstable  operation.  Furthermore,  a  large  secondary 
electron  current  is  a  heavy  load  for  the  extraction  power 
supply.  The  best  way  to  reduce  the  secondary  electron 
current  is  to  decrease  the  ion  current  that  hits  the 
extractor.  In  order  to  do  this,  the  extractor  was  mod¬ 
ified  so  as  to  have  a  slope,  as  shown  in  fig.  2  This 
extractor  showed  an  excellent  result  on  the  present 
subject  [11]  The  electron  current  including  an  indis¬ 
tinguishable  ion  current  to  the  extractor  was  reduced 
down  to  one-fifth,  compared  with  the  flat  plate  extrac¬ 
tor. 

3.J.  Fwe-pomt  emission 

Ion  emission  from  five  points  were  experimentally 
confirmed  with  both  a  germanium  and  a  gold  ion  source. 
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Fig.  1.  Schematic  diagram  of  five  kinds  of  impregnatcd-electrode-type  liquid-metal  ion  .sources,  (a)  prototype,  (b)  for  metals  with 
high  vapour  pressures,  (c)  for  three-point  emission,  (d)  for  five-point  emission,  and  (e)  for  eight-point  emission. 
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Fig.  2.  Photograph  of  the  sloped  slit-type  extractor. 


Ion  currents  were  measured  just  below  the  ton  source 
with  a  Faraday  cup  to  suppress  the  secondary  electrons 
produced  at  the  collector.  Since  mass-separation  was 
not  performed,  the  measured  ion  current  tncluded  all 
kinds  of  positively  charged  ions  such  as  singly  charged 
atomic  ions,  multiply  charged  atomic  tons  and  charged 
particles  that  are  composed  of  more  than  two  atoms. 
Fig.  3a  shows  the  typical  current-voltage  charactenstics 
of  a  germanium  ion  source..  The  maximum  ion  current 
of  1.8  mA  was  obtained.  This  maximum  current  is 
reasonable,  although  the  value  is  a  little  .smaller  than 
that  expected  from  the  maximum  current  of  a  single- 
point  emission  source.  Fig  3b  shows  the  typical  cur¬ 
rent-voltage  characteristics  of  a  gold  ion  source.  The 


maximum  ion  current  of  1  5  mA  was  obtained.  This 
maximum  ion  current  is  approximately  five  times  as 
large  as  that  of  a  single-point  emission  source.  Thus, 
milliampere  metal  ion  beams  were  obtained  by  multi¬ 
point  emission  of  impregnated-electrode-type  liquid- 
metal  ion  sources 


.?  2.  Eight-pomt-emission 

Eight-point  emission  was  also  confirmed  with  a 
germanium  ion  source  A  heating  current  of  120  A  was 
required  to  heat  the  lip  up  to  950  °C.  Fig.  4  shows  a 


EXTRACTION  VOLTAGE  (kV)  EXTRACTION  VOLTAGE  (kV) 

(a)  (b) 

Fig.  3.  Typical  current-voltage  charactenstics  of  the  five-point  emission  sources:  (a)  for  germanium  ion  source  and  (b)  for  gold  ion 

source. 
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Fig  4.  Photograph  of  the  eight-point  emission  tip  in  operation 


Table  1 

Summary  of  multipoint  emission 


Au 

Ge 

Number  of  cusps 

1 

3 

5 

1 

3 

5 

8 

Maximum  current  (mA| 

0  30 

0.85 

1  3 

0  50 

1  3 

1  8 

42 

Fffeclive  poinl-nuinber 
Average  current 

1 

28 

42 

1 

26 

3  6 

8.4 

from  1  point  (mA| 

0  30 

0  28 

0  26 

0.50 

0.43 

0,36 

0  53 

EXTRACTION  VOLTAGE  (kV), 

Fig  5  Typical  current-voltage  characteristics  of  the  eight-point 
emission  source 


photograph  of  the  germanium  eight-point  source  m 
(iperation  Kight  plasma  balls  are  clearly  seen  The  ions 
are  emitted  in  the  same  direction.  Fig.  5  shows  the 
typical  current-voltage  characteristics  of  the  eight-point 
.source  The  maximum  ion  current  of  4  2  mA  was  ob¬ 
tained  This  value  is  approximately  eight  times  as  large 
as  that  of  a  single  emission  .source  Table  1  shows  the 
summary  of  the  multipoint  emission.  Here  the  effective 
point-number  is  defined  as  the  ratio  of  the  maximum 
ion  current  with  multipoint  emission  .source  to  that  with 
a  single-point  emission  source.  The  effective  point-num¬ 
ber  agrees  well  with  the  number  of  cusps.  The  results 
indicate  that  the  ion  current  of  multipoint  emission  is 
proportional  to  the  number  of  cusps  From  the  present 
results,  multipoint  emission  proved  to  be  a  potential 
method  for  developing  a  high-current  liquid-metal  ion 
source 


4.  Further  intensification  of  the  source 

In  order  to  intensify  the  ion  source,  two  methods  can 
he  considered-  (a)  further  multiplication  of  the  emi.ssion 
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cusps  in  a  tip,  and  (b)  parallel  operation  of  multipoint 
emission  tips.  In  the  former  method,  there  is  a  problem 
of  heating  current  increase.  On  the  other  hand,  in  the 
latter  method,  attention  should  be  paid  to  heating  several 
tips  equally.  In  the  present  study,,  the  possibility  of 
parallel  operation  was  confirmed.  Two  tips  of  source  (e) 
set  in  parallel  with  independent  knife-edged  electrodes 
were  heated  up  to  approximately  the  same  temperatures 
of  940  °  C  and  990  °  C,-  respectively.  Ion  emissions  from 
both  tips  were  confirmed.  Thus,  further  increases  in  the 
extractable  ion  current  from  the  impregnated-electrode- 
type  liquid-metal  ion  source  are  expected. 

5.  Conclusion 

The  intensification  of  the  impregnated-electrode-type 
liquid-metal  ion  source  was  achieved  up  to  4  mA  by 
using  an  eight-point  emission  source.  The  possibility  of 
parallel  operation  was  confirmed. 
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Possible  mechanisms  for  the  charging  and  entrapment  of  particulate  contamination  in  a  cylindrical  ion  beam  are  investigated  A 
model  IS  developed  which  describes  the  charging,  and  steady-state  charge  acquired  by  the  particle  Confinement  within  the  beam  is 
then  investigated  by  comparing  the  resulting  electric  force  with  the  opposing  force  of  gravity  The  model  predicts  a  region  about  the 
center  of  the  beam  where  a  net  trapping  force  may  exist  Calculations  of  this  force  for  various  operating  conditions  suggest  a  strong 
dependence  on  parameters  that  affect  the  beam-ion  density 


1.  Introduction 

Current  developments  in  semiconductor  technology  are  pushing  the  minimum  feature  size  of  devices 
and  microelectronic  circuits  down  into  the  submicron  range.  With  these  reduced  dimensions,  particulate 
contamination  during  processing  has  become  of  increased  concern.  Particles  with  dimensions  of  the  order 
of  tenths  of  microns  are  becoming  unacceptable.. 

In  ion  implantation,  a  number  of  areas  have  been  the  object  of  close  scrutiny.  Improved  venting  and 
roughing  schemes  have  reduced  the  number  of  particles  added  during  implantation  to  a  point  where  more 
subtle  effects,  such  as  beam  particle  transport,  must  be  taken  into  consideration  [1,2].  An  effort  is 
presented  here  to  identify  and  calculate  the  currents  and  forces  acting  on  a  particle  placed  in  the  vicinity  of 
a  cylindrical  high-current  ion  beam. 

Holmes  [3]  has  developed  a  model  that  describes  the  electric  field  and  charge  densities  characteristic  of 
an  intense  cylindrically  symmetric  ion  beam.  This  model  is  used  as  a  framework  to  calculate  the  currents 
incident  on  a  conducting  particle  in  the  vicinity  of  the  beam.  From  these  currents,  the  particle  charge  is 
determined.  Utilizing  the  electric  field  calculated  by  Holmes,  the  electric  force  acang  on  the  particle  is 
derived.  When  this  force  is  greater  than  gravity,  entrapment  can  occur. 


2.  Beam  model 

The  relevant  features  of  Holmes’  model  may  be  .summarized  by  the  following  equations: 
«b  =  «bu  exp{ 

«c  =  «co  exp(  -  Hi  +^^)('-Ao)^}- 
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in  which  beam-ion  density  as  a  function  of  the  radial  position  r,  is  the  beam-ion  density 

along  the  axis,  is  the  spatial  electron  density  with  an  axial  value  of  n^,  is  a  characteristic  dimension 
of  the  cylindrical  beam,  defined  to  be  the  beam  radius,  $(r)  describes  the  beam  potential  and  is  the 
magnitude  of  the  beam  potential  far  from  the  axis.  I'he  factor  P  represents  the  ratio  of  the  characteristic 
potential  radius  to  the  radius  of  the  beam. 

This  model  has  been  tested  by  Holmes,  and  independently  examined  by  Klabunde  [4].  Its  predictions 
are  in  good  agreement  with  experimental  observations. 


3.  Beam  currents 

Collisions  of  beam  ions  with  apertures  and  residual  gas  molecules  generate  secondary  electrons  and 
ionized  gas  molecules  which  give  rise  to  a  beam  comprised  of  high-energy  beam  ions  produced  in  the 
source,  low-energy  ionized  residual  gas  molecules  (slow-ions),  trapped-electrons  confined  by  the  electric 
potential  of  the  beam,  and  fast  electrons  possessing  sufficient  kinetic  energy  to  escape  the  positive  space 
charge  of  the  beam.  Each  of  the..e  components  contributes  to  the  flow  of  charge  through  any  point  inside 
the  beam.  It  can  be  shown,  however,  that  the  current  contributions  of  the  slow  ions  and  the  fast  electrons 
are  small  when  compared  to  the  other  two  current  components  and  may  be  neglected  [5]. 

3  /.  Beam-ton  current 

In  the  axial  direction,  the  beam  energy,  and  hence  its  velocity,  is  assumed  to  be  constant  at  all  points 
along  a  linear  trajectory,  displaying  no  radial  dependence.  Under  this  condition,  the  current  density  due  to 
the  beam  ions  at  any  radial  position  r  is  given  by 

4  =  «p[-(r/ro)^]e,,  (4) 

where  e.  is  a  unit  vector  parallel  to  the  beam  axis  and  onented  in  the  direction  of  the  beam-velocity,  q  is 
the  elementary  unit  of  charge  { =  1.6  X  10“  ”  C)  and  is  the  beam  velocity. 


3  2.  Trapped-electron  and  net  currents 

Following  Holmes,  the  trapped  electrons  are  assumed  to  display  a  Maxwellian  distribution  of  velocities 
in  which  the  high-energy  tail  is  truncated  by  the  less  of  fast  electrons  possessing  radial  velocity 
components  greater  than  .  All  axial  velocities  are  allowed,  but  the  non-axial  velocities  are 

constrained  by  the  relation  vl  +  e?  ^{2qtp„/m^).  Here,  the  .v-v  plane  is  centered  on  and  normal  to  the 
beam,  with  the  positive  z-axis  pointing  in  the  direction  of  positive  ion  flow.  Cylindrical  symmetry  is 
assumed.  Calculation  of  the  normalized  electron  distribution  function  yields  [5]: 


where  is  the  electron  mass,  k  is  Boltzmann’s  constant  and  T  is  the  electron  temperature. 

Of  particular  interest  is  the  distribution  of  velocity  components  outwardly  directed  and  parallel  to  a 
given  radial  line..  This  can  be  calculated  by  integrating  eg.  (5)  over  two  degrees  of  freedom.  Again  all  axial 
velocities  are  allowed,  but  t;,  is  restricted  to  values  ■  Performing  the  integration,  the 

distribution  function  becomes; 


)r'(^) 


exp(-u^)du. 

•'o 


At  any  radial  position  r,  the  trapped-electron  current  density  will  be  determined  by  the  electron  energy. 
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It  will  be  assumed  that  the  electrons  are  created  with  negligible  kinetic  energy  [3,6,7),  and  that  the  net 
angular  acceleration  due  to  collisions  is  negligible..  Under  these  conditions  electrons  trapped  in  the  space 
charge  of  the  beam  will  oscillate  about  the  beam  axis,  and  only  those  electrons  crossing  the  axis  with  a 
velocity  v  >  ]j  —  2q^{r)/m^  will  have  sufficient  kinetic  energy  to  reach  the  point  r. 

Utilizing  eq.  (6)  the  trapped-electron  current  density  can  now  be  found.  From  eq.  (2)  the  density  of 
electrons  very  near  the  axis  is  Multiplying  eq.  (6)  by  -qn^v  dc^  and  integrating  from  the  minimum 
velocity  v^-  ]f^2q^(r)/m^  to  the  maximum  velocity  =  •l2q<Sf^/m^  provides  the  desired  result. 
Combining  this  outwardly  directed  vector  component  with  the  axial  component  of  eq.  (4)  the  net  curt  mt 
density  as  a  function  of  radial  position  is  obtained: 

/  q^^  \ 

exp(--^j  l2kT\'^^ 

e  _  - 1 - 1 

1  -  exp 


_  \  \ 
kT  j 


exp 


I  f  \ 

.  ~  I 

kT 


(0(r) 


I 


exp(-z^)dr-  -^(4>(r)  +  0„) 


1/2 


(7) 


4.  Particle  charging 


Consider  a  conducting  sphere  of  diameter  located  at  a  radial  position  r  within  the  beam.  Such  a 

particle  presents  a  cross-sectional  target  area  in  all  directions;  thus,  the  current  becomes  I  = 

('TTjj/4)y,  where  J  is  the  algebraic  sum  of  the  components  in  eq.  (7),  As  the  particle  accumulates  charge,  it 
develops  an  electric  field  that  perturbs  the  trajectories  of  surrounding  charges.  The  ion  current  is 
dominated  by  beam  ions  which  are  of  sufficiently  high  energy  so  as  to  remain  undisturbed  by  the  presence 
of  the  charged  particle,  but  this  is  not  true  for  the  trapped  electrons.  As  the  potential  on  the  particle  rises, 
so  does  the  minimum  kinetic  energy  required  for  an  electron  to  transit  the  region  between  the  axis  and  the 
particle.  This  minimum  energy  is  the  beam  potential  at  the  location  of  the  particle  plus  the  particle’s 
floating  potential  V.  An  electron  incident  on  the  particle  must  cross  the  axis  with  a  velocity  v 
^  -  {2q/m^.}{0(r  }  +  F) .  The  total  current  to  the  particle  is,  therefore,  given  by: 


exp 


kT 


(0lr)-^0^->  V) 


exp( -z' )  dz 


-^{0{r)  +  0^  + 


(8) 


4.  J.  Floating  potentials 

Under  steady-state  conditions,  the  net  current  to  the  particle  is  zero.  The  two  terms  in  eq.  (8)  may  be 
equated  and  solved  for  V(r). 
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•'() 


exp(-z’)  dr  -  ^(<P(r) 


(9) 


Eq.  (9)  represents  the  magnitude  of  the  floating  potential  at  equilibrium.  The  minimum  potential 
needed  for  entrapment  is  found  by  equating  the  gravitational  and  electric  forces.  This  yields: 


1  1  ^0^0 
2«»  12/S- 


(10) 


4.2.  Charging  time 


Invoking  the  relation 

dV(r.  t)  ^  _ 1  dQjr.i)  \  ^ 

tlr  2'iTe|,c/„  dt  InCoif,, 


eq.  (8)  may  be  inveited  and  integrated  to  yield  the  time  required  for  the  beam  to  alter  the  particle’s 
potential.  Letting  x  =  <?(/•)+ <f>^^  +  L).  and  performing  the  integration,  the  time  required  to 

charge  the  particle  from  an  initial  potential  K,  to  a  second  potential  is  given  by. 


8e,|AT  ,  r\ 

,  =  -  /  dxl  '.exp-  - 

I'll' 


exp( X ) /^exp(  - r- )  dr  -  /x 


'c(l 


exp(-ytt>^/A]r) 

l-exp(-(/(I>,/Ar) 


IkT 


(11) 


5.  Forces 

If  a  particle  is  to  be  confined  within  the  beam,  the  net  force  acting  on  the  particle  must  be  directed 
towards  the  central  axis.  In  the  region  of  the  beam  under  investigation,  two  principal  forces  may  be 
identified;  the  central  force  of  the  electric'  field  and  gravity.  There  is  also  a  third  force  due  to  momentum 
transfer  from  the  beam  ions  to  the  particle.  However,  this  force  is  perpendicular  to  the  Coulomb  attraction 
and  has  no  primary  effect  on  trapping,  other  than  affecting  the  residence  time  of  the  particle  inside  the 
beam. 

5.1.  Electric  force 

From  eq.  (9),  the  steady-state  charge  on  the  particle  may  be  obtained  from  Q  =  The 

electrostatic  force  is  proportional  to  the  negative  gradient  of  the  potential  and,  utilizing  eq.  (3),  is 
expressible  as;,  /•;  =  -  QvO(r)  =  Q2<P^P^{r/rff)  e\p\~  P^(r/r^f].  Then  from  eq.  (9).  at  a  fixed  point  r. 


IV  SOURCES  &  BEAM  TRANSPORT 


352 


D.A.  Brown  el  at.  /  Panicle  transport  in  ion  implanters 


the  charged  particle  will  experience  the  following  steady-state  electric  force: 


f  ^ - ^-exp  -/?  [  — j  Kin 


'7'b 


1  I 

l-exp[--^) 


I 

exp(--;^) 


/  2 

r  /  V  2i 

/  IT  m. 

-  - 

\  IkT 

exD 

1  '•o  1 

a  1'/2 

^(<P(/-)  +  <f.„+  V) 


la  1  1/2 

-Injf*^*  '  ’  “  exp(-2^)  dz- -^($(r) -I- 


(12) 


5.2.  Normalized  force 


In  general,  depending  on  the  angular  position  of  the  particle  in  the  beam,  the  Coulomb  and 
gravitational  forces  are  not  directly  opposing.  To  assess  the  trapping  ability  of  the  positive  field,  the  focus 
will  be  narrowed  to  the  case  of  a  particle  situated  at  the  bottom  of  the  beam  where  the  principle  forces  are 
maximally  opposing.  The  net  force  acting  on  the  particle  is  then  Pc  +  where  =  g('n/6)pdg.  p  being 
the  particle’s  density,  g  the  acceleration  due  to  gravity  and  dg  the  particle’s  diameter.  Let  be  the 
normalized  force  defined  by: 


F.  +  F 


(13) 


Then,  if  the  value  of  eq.  (13)  is  negative,  the  Coulomb  force  exceeds  the  gravitational  force,  and 
entrapment  can  occur.  In  this  discussion,  the  particle  is  assumed  to  be  created  at  rest,  and  the  effects  of 
initial  conditions  are  not  taken  into  consideration. 

Before  presenting  the  final  form  of  the  normalized  force,  certain  simplifications  may  be  introduced.  It 
can  be  shown  that  for  the  beam  under  consideration,  kT  ~  and  }  [3,5].  Moreover,  the  plasma 
condition  of  charge  neutrality  along  the  beam  axis,  /iho  *  may  be  invoked.  The  expression  for  the 
normalized  force  thereby  becomes: 
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6.  Calculations  and  discussion 

Eqs.  (9)  and  (11),  which  are  implicit  functions  of  V,  were  evaluated  numerically  using  an  iterative 
technique,  and  the  value  of  V  so  obtained  was  used  to  calculate  eq.  (14). 

Fig.  1  illustrates  the  normalized  force  exerted  on  a  1  pm  A1  particle  in  a  100  keV,  10  mA,  3  cm  diameter 
As  beam.  The  beam-line  residual  gas  pressure  was  entered  as  3.0  X  10 Torr.  As  is  evident  from  the 
graph,  eq.  (14)  predicts  a  region  in  which  a  particle  may  become  entrapped,  with  a  maximum  trapping 
force  occurring  slightly  outside  the  beam  radius. 

in  fig.  2,  the  dependence  of  the  maximum  trapping  force  on  beam-ion  mass  is  displayed..  For  a  beam  of 
fixed  current,  energy  and  diameter,  more  massive  molecules  produce  a  greater  trapping  force.  Correspond¬ 
ingly,  for  a  particular  beam-ion  species,  calculations  of  the  trapping  force  as  a  function  of  be' m  energy  at 
a  constant  current  indicate  that  the  force  decreases  with  energy.  Both  situations  reflect  variations  in  the 
beam-ion  density.  With  increasing  velocity,  space  charge  decreases,  resulting  in  reduced  field  strength  and 
a  weaker  Coulomb  force. 


Fig  1  Variation  oi  the  normalized  force  with  radial  position 
expressed  in  terms  of  the  radius  ratio  r/r„.  At  the  point  1  0  on 
the  abscissa,  the  panicle  is  located  at  the  beam  radius  The 
point  of  maximum  trapping  is  seen  to  he  just  beyond  the 
radius  of  the  beam 


Fig  2  Variation  of  the  maximum  magnitude  of  the  trapping 
force  with  beam-ion  species  For  a  fixed  beam  energy  and 
current,  increased  ion  mass  leads  to  a  lower  beam  velocity. 
This  increases  the  charge  densitv  nd  leads  to  an  enhancement 
of  the  Coulomb  force  ..mg  on  the  particle 


lu  10'®  10"^  10"^  to'^ 

Beomline  Pressure  (Torr) 

Fig  3.  Dependence  of  the  magnitude  of  the  normalized  force  at  maximum  trapping  with  residual  gas  pressure  Density  of  the 
background  gas  affects  the  space-charge  neutralization  of  the  beam  and  thereby  influences  the  charging  and  electric  field  experienced 

by  the  particle. 
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The  model  developed  here  is  valid  for  pressures  ranging  from  approximately  10'  **  to  10 Torr.  Fig.  3 
depicts  the  effect  of  pressure  on  a  100  keV,  10  mA  BF^  beam  propagating  through  a  chamber  maintained 
at  constant  temperature  (27  °C).  A  decrease  of  two  orders  of  magnitude  in  the  pressure  is  seen  to  induce  a 
force  enhanced  by  three  orders  of  magnitude.  A  greater  gas  density  results  in  greater  beam-ion  neutraliza¬ 
tion  and  reduced  space  charge. 

In  order  for  trapping  to  occur,  the  charging  time  must  be  short  with  respect  to  residence  times.  The  time 
necessary  for  a  1  |im  Al  particle  to  acquire  the  minimum  trapping  charge  (i.e.,  the  charge  determined  from 
eq.  (10))  was  calculated  at  the  point  of  maximum  trapping.  For  various  beam  conditions,  it  was  found  to 
range  from  ~  1  ns  to  ~  1  gs.  Because  the  time  scales  for  particle  motion  are  typically  orders  of  magnitude 
larger  than  these  charging  times,  the  charged  state  of  the  particle  can  be  considered  in  equilibrium..  In 
other  words,  the  mobility  of  ions  and  electrons  f.ar  exceeds  the  mobility  of  the  particle,  and  a  condition  of 
instantaneous  charging  may  be  assumed. 


7.  Conclusions 

Within  an  intense  cylindrical  ion  beam,  conditions  may  exist  that  can  lead  to  the  charging  and 
confinement  of  particulate  contamination.  These  conditions  will  be  affected  by  the  initial  state  of  the 
particle.  However,  for  a  static,  initially  uncharged  particle,  the  model  developed  here  predicts  that  certain 
beams  may  support  an  electric  force  stronger  than  the  opposing  force  due  to  gravity..  Moreover.,  the  time 
required  for  the  particle  to  attain  the  necessary  charge  is  sufficiently  small  so  as  not  to  preclude 
entrapment. 

The  experimental  evidence  on  particle  trapping  in  an  ion  beam  is  sketchy  and  contradictory.  The 
purpose  of  this  calculation  is  to  provide  some  guidelines  and  to  predict  general  trends  which  may  be 
verified  by  more  systematic  experiments  or  by  reviewing  past  accumulated  data  from  various  processes. 
Clearly,  the  numbeis  given  here  cannot  be  .simply  applied  to  beams  of  different  geometry,,  but  it  is 
reasonable  to  assume  that  conclusions  may  be  drawn  from  this  analysis  that  are  appli:ab!e  under  a  variety 
of  conditions. 
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A  high-current  low-energy  multi-ion  beam  deposition  system 

Osamu  Tsukakoshi,  Saburo  Shimizu,  Seiji  Ogata,  Naruyasu  Sasaki  and  Hiroyuki  Yamakawa 

ULVAC  Japan,  Ltd.  2500,  Hagisono,  Chigasaki,  Kanagawa  253,  Japan 


A  high-current,  low-energy  multi-ion  beam  deposition  system  has  been  developed  aiming  at  the  fabrication  of  new  materials  This 
system  consists  of  two  ion  sources,  a  dual-r,ector-type  ma,ss  analyzer  and  a  decelerating  system  Several  ion  species  are  extracted 
successively  from  the  two  ion  sources  by  switching  the  mass  analyzer  selection  Artificially  structured  materials,  especially  having  a 
lavered  structure,  can  be  grown  by  the  fine  control  of  the  growth  process  of  each  layer  The  developed  ion  beam  deposition  system, 
including  the  design  concept,  is  de.scribed  in  detail  The  deceleration  characteristics  of  this  sysitm  using  Ar"^  ion  are  also  shown 


1,  Introduction 

The  use  of  low-energy  ion  beam  in  thin  film  growth 
IS  very  important  and  attractive  in  the  fabrication  of 
artificially  structured  new  materials  having  well-con¬ 
trolled  composition  and  structure  almost  on  an  atomic 
scale.  Various  methods  such  as  ionized  cluster  beam 
deposition,  mass-separated  low-energy  ton  beam  deposi¬ 
tion  and  dual  ton  beam  sputter  deposition  have  been 
employed  for  the  preparation  of  these  films  Among 
these,  mass-separated  low-energy  ion  beam  deposition  ts 
quite  attractive,  because  it  can  control  the  growth 
parameters  precisely  by  selecting  the  ion  species  and  ton 
energy  independently..  The  authors  have  u.sed  mass-sep¬ 
arated.  low-energy  group-V  ton  beam  for  the  epitaxial 
growth  of  III-V  compound  .semiconductors  [1-5).  Re¬ 
cently,  ORNL  group  has  been  trying  to  obtain  various 
semiconductor  films  such  as  P-SiC/o-SiC  [6),  GaAs/Si 
[7]  and  GaAs/Ge  [8]  by  using  low-energy  direct  ion 
beam  deposition 

However,  the  ion  beam  deposition  systems  used  in 
these  expenments  are  not  satisfactory  from  the  view-- 
point  of  the  deposition  of  films  with  eharacterustic  fea¬ 
tures,  because  ton  beam  current  is  relatively  low  (several 
gA-several  tens  of  (lA)  and  the  number  of  ion  species 
utilized  for  the  film  growth  is  only  one  with  some 
exceptions  [4,6,7]  Therefore,  the  further  development  of 
the  low-energy  ton  beam  deposition  system  i.s  inevitable 
to  realize  new  properties  of  films. 

We  have  developed  a  high-current,  low-energy  multi- 
ton  beam  deposition  system.  In  this  paper,  the  design  of 
the  system  and  the  results  of  Ar^  ion  beam  deceleration 
in  order  to  characterize  the  beam  characteristics  are 
reported 


2.  Physical  basis  of  the  design 

Taking  into  account  the  .space  charge  effect,  the 
paraxial  ray  equation,  which  describes  the  beam  en¬ 
velope  for  a  radially  uniform  beam,  is  written  as  fol¬ 
lows: 

dv/dz--(-(dK/d.')(dr/d.-)(2(K-  Kj-  K))"' 

+  (dV/d.-')r(4(l^-  Ki-  KJ)"' 

(1) 

where  r  is  the  radius  of  the  ion  beam  starting  from  the 
ion  source  at  potential  K,  with  a  starting  kinetic  energy 
of  K(,(eV).  V  IS  the  potential  on  the  axis  at  :,  e  and  m 
are  the  charge  and  the  mass  of  the  ton  respectively,  tg  is 
the  dielectric  constant  of  the  vacuum  The  fourth  term 
which  represents  the  space  charge  effect  shows  that  the 
ion  beam  spreads  in  inverse  proportion  to  3/2  power  of 
the  kinetic  energy.  Thus,  the  spread  of  the  ton  beam 
becomes  serious  with  the  diminution  of  if-  energy  To 
overcome  this  difficulty,  the  ion  beam  deposition  sys¬ 
tem  IS  designed  as  follows 

(1)  The  substrate  is  set  at  the  ground  potential:  (2) 
the  ion  energy  at  the  substrate  is  controlled  by  adjusting 
the  potential  of  the  ion  sources,  (3)  the  ion  beam 
extracted  from  the  ion  sources  is  transported  at  negative 
high  voltage  tfrom  —20  to  -35  kV)  and  decelerated 
just  in  front  of  the  substrate;  (4)  a  voltage  of  2  kV  lower 
than  that  of  the  transport  region  is  applied  to  two 
electrodes  (the  exit  of  the  ion  extraction  system  and  the 
entrance  of  the  ion  deceleration  system)  to  enhance  the 
space  charge  neutralization  by  trapping  slow  electrons 
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Fig.  1.  Cross  sections  of  the  potential  calculated  from  eq.  (2). 
The  curve  (a)  shows  the  potential  without  the  neutralization 
and  the  curve  (b)  shows  that  with  a  neutralization  of  98%.  The 
dotted  line  shows  the  potential  of  the  metal  tube. 


in  the  beam  channel;  (5)  the  ion  beam  is  controlled  not 
electrostatically  but  electromagnettcally  throughout  the 
ion  beam  transportation. 

To  estimate  the  potential  due  to  the  space  charge,  we 
consider  a  radially  uniform  ion  beam  flowing  in  a  metal 
cylinder  of  inner  radius  R.  The  potential  T(/-)  at  radius 
r  IS  given  as 

y(r)  =  (m/2e)‘^\4Tr«o)‘'(l  -h) 
x/(K+ 

X  2  log(/?/r),.  r>r,.. 


K(r)  =  (m/2c)*^^(4iT«o)  '(l-/i) 

X/(K+Ko-K)-’/^ 

x[l  +  21og(«A.)-(rA,)'],  r<r„  (2) 

where  V  is  the  mean  potential  in  the  beam,  r,  is  the 
envelope  radius  of  the  beam,  /  is  the  total  current  and 
h  IS  the  degree  of  the  neutralization.  For  example,  cross 
sections  of  the  potential  calculated  from  eq.  (2)  for  a  23 
kV  beam  with  a  current  of  5  mA  and  a  radius  of  10 
mm  injected  into  a  metal  cylinder  of  80  mm  inner 
diameter  are  shown  in  fig.  1.  Though  the  potential  on 
the  axis  without  the  neutralization  amounts  to  about  1 
kV,.  that  of  a  98%  neutralized  beam  [9]  is  reduced  to 
only  about  20  V. 


3.  Design  of  the  system 

3  I  Ion  beam  transport  system 

A  bird’s  eye  view  of  this  system  is  shown  in  fig.  2. 
The  system  is  equipped  with  two  ton  sources  -  a  plasma 
filament  type  [10]  and  a  double  hollow  cathode  type 
[11]  -  to  supply  various  kinds  of  ion  species.  The  former 
is  for  the  production  of  the  metal  ions  having  relatively 
low  vapor  pressure  such  as  In'’',  Ga"’',  As*  and  P"*  and 
the  latter  for  the  refractory  metal  ions  such  as  W*,  Nb"* 
and  Mo*.  Each  ion  source  can  produce  more  than  two 
ton  species  simultaneously.  The  ion  beams  extracted 
from  the  ion  sources  are  mass  separated  by  a  dual-sec¬ 
tor-type  mass  analyzer,  focused  by  a  triplet  magnetic 
quadrupole  lens  and  then  deflected  by  a  magnetic  de¬ 
flector  to  eliminate  high-energy  neutral  atoms.  After  the 
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Fig.  2  Bird’s  eye  view  of  the  system. 
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deflection,  the  ion  beams  are  introduced  into  a  growth 
chamber  which  is  kept  at  the  ultrahigh  vacuum  of 

I  X  10'*  Pa  and  then  decelerated  just  in  front  of  the 
substrate.  The  design  concept  of  this  decelerating  sys¬ 
tem  will  be  described  in  section  3.2. 

Thin  shims  designed  by  computer  simulation  are 
attached  at  the  periphery  of  the  pole-pieces  of  the 
dual-sector- type  magnet  and  the  deflection  magnet  re¬ 
spectively.  The  rotatable  shims  are  mounted  on  the 
pole-pieces  of  the  dual-sector-type  magnet  at  the  en¬ 
trance  sides. 

Both  a  quick  switching  of  the  ion  species  and  a 
stable  ion  current  are  needed  by  the  following  two 
reasons:  (1)  To  minimize  the  contamination  on  the 
substrate,  it  is  desired  that  the  useless  interval  in  which 
the  substrate  is  left  without  any  injection  of  the  ion 
beam  while  switching  the  ion  species  is  as  short  as 
possible;  (2)  to  supply  the  required  ion  species  succes¬ 
sively,  a  magnetic  field  must  be  controlled  with  a  high 
reproducibility. 

A  liigh-speed  and  high-orecision  control  of  the  elec¬ 
tromagnet  is  realized  by  a  feedback  via  a  magnetic  field 
monitor  using  a  Hall  probe.  Since  the  Hall  probe  is 
sensitive  to  the  temperature,  an  1C  thermosensor  moni¬ 
tors  the  temperature  and  these  devices  are  kept  at 
almost  constant  temperature  (<0.5°C)  by  an  isolated 
cooling  system.  Two  electromagnets,  the  dual-sector 
type  and  the  deflector,  are  equipped  with  this  control 
system.  The  fluctuation  is  reduced  to  less  than  5  X  lO'** 
by  utilizing  this  control  system.  When  the  ion  beams  are 
extracted  from  the  different  ion  source  ,  it  is  necessary 
to  turn  the  polarity  of  the  dual-sector-type  magnet.  The 
time  needed  to  turn  the  polarity  of  the  magnet  (from 
+  10000  to  —10000  G)  IS  less  than  30  s  When  the 
turning  of  the  polarity  is  not  required,  the  time  to  attain 
to  the  maximum  magnetic  field  available  (from  0  to 

II  0(X)  G)  IS  as  short  as  5  s. 

All  electromagnets  are  controlled  via  optical  fiber 
links  by  a  factory  computer  (NEC  FC-9801V)  at  the 
ground  potential.  Since  parallel  digital  signals  are 
latched  at  ground  level,  discharge  in  the  high-voltage 


region  will  cause  no  deviation  from  the  programmed 
behavior 

J.2  Ion  beam  decelerating  system 

The  ion  beam  is  decelerated  down  to  an  energy  of 
several  eV- several  hundred  eV  by  the  decelerating  sys¬ 
tem.  Since  the  ion  beam  passes  through  an  electric  field 
with  a  high  gradient,  a  sophisticated  design  was  per¬ 
formed  for  the  decelerating  system.  Throughout  the 
design  of  dimensions  and  applied  potentials  of  the 
electrodes,  a  computer  simulation  of  the  ray  tracing 
considering  the  space  charge  effect  was  earned  out.  The 
finite  element  method  was  used  to  solve  the  Poisson 
equation. 

The  decelerating  system  is  composed  of  three  cylin- 
dncal  electrodes.  The  first  electrode  operates  to  trap  the 
slow  electrons  in  the  transport  region  as  described  in 
section  2.  The  second  and  the  third  electrode,  between 
which  a  large  difference  of  potential  of  up  to  about  50 
kV  is  supplied,  produce  a  strong  converging  lens  field. 
This  converging  field  is  indispensable  to  cancel  the 
diverging  force  due  to  the  following  two  reasons.  First, 
a  decelerated  ion  beam  diverges  owing  to  its  space 
charge.  Second,  a  decelerating  electric  field  between  a 
cylindrical  electrode  and  a  flat  metal  plate  produces  a 
diverging  lens  field. 

One  of  the  examples  of  computer-simulated  ion  beam 
trajectories  in  the  decelerating  system  is  shown  in  fig.  3. 
A  W*^  ion  beam  (100  eV)  with  a  current  as  high  as  5 
mA  can  be  obtained  using  this  decelerating  system. 
Potentials  applied  to  the  first,  second  and  third  elec- 
fodes  are  -  25  0.  -  50.0  and  -  2  9  kV  respectively  The 
potential  of  the  third  electrode  is  optimized  automati-- 
cally  by  the  computer. 

4.  Ar  ion  deceleration 

We  have  carried  out  decelerating  experiments  with 
an  Ar^  ion  beam.  The  maximum  current  incident  on 
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Fig  3  Computer-simulated  ion  beam  trajectorv  The  ion  species  i.s  W  the  current  is  5  mA  and  the  kinetic  energy  is  100  eV 
Potentials  applied  to  the  first,  second  and  third  electrodes  are  -  25  0,  --  50  0  and  -  2  9  k\  respectively. 
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Fig.  4  Experimental  results  of  the  transmi.ssion  as  a  function 
of  the  potentials  of  the  third  electrode  and  the  ion  source. 
Potentials  applied  to  the  transport  region,  the  first  electrode 
and  the  second  electrode  are  -  30  P,  -  33  0  and  -  38  0  kV 
respectively. 

the  substrate  up  to  the  present  was  1.2  mA  with  the  ton 
source  potenttal  of  100  V.  The  ion  beam  current  in¬ 
jected  into  the  decelerating  system  is  monitored  by  a 
Faraday  cup.  shown  in  ftg  2,  when  the  magnetic  deflec¬ 
tor  does  not  operate.  The  transmission,  which  is  defined 
as  a  ratio  of  the  ton  current  incident  on  the  substrate  to 
the  injected  current,  did  not  depend  on  the  injected 
current  in  the  range  0-1 ,5  mA.  Therefore,  a  larger  ion 
source  gives  a  higher  current  at  the  substrate. 

The  transmission  is  most  sensitive  to  the  potential  of 
the  third  electrode  among  the  three  decelerating  elec¬ 
trodes  In  fig.  4.  an  experimental  result  of  the  transmis¬ 
sion  IS  shown  as  a  function  of  the  ion  source  potential 
and  the  potential  of  the  third  electrode  Transmissions 
over  0  8  were  obtained  for  ion  source  potentials  over  40 
V  Even  for  an  ion  .source  potential  as  low  as  10  V.  a 
transmission  over  0  4  was  obtained  The  optimum 
potential  of  the  electrode  observed  for  each  ion  source 
potential  agreed  satisfactorily  with  that  obtained  by  the 
computer  simulation. 

5.  Conclusion 

We  have  developed  a  high-current  low-energy  multi- 
lon  beam  deposition  system  aiming  at  the  fabrication  of 


new  materials.  By  monitoring  the  magnetic  fields  using 
Hall  probes,  a  high-speed  and  high-prectsion  control  of 
the  ion  beam  was  realized.  Up  to  the  present,  an  ion 
beam  of  1.2  mA  incident  on  the  substrate  with  an 
energy  of  100  eV  was  obtained. 
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We  have  developed  a  four-electrode  extraction  system  for  a  large  area  ion  source  with  a  wide  range  of  operational  conditions,  that 
IS,  a  beam  energy  of  1-100  keV.  a  beam  current  density  of  7  nA/cnr-7  (lA/cm^.,  and  ion  source  gases  of  BF,  or  PH,  Uniformity  of 
the  beam  profile  was  less  than  +  10%  in  the  15  x  15  cm^  area  Control  ol  the  beam  optics  was  done  by  varying  the  electric  field  in  the 
extraction  region  The  optimum  field  intensity  was  investigated  experimentally  and  the  result  agreed  quite  well  with  that  of  the 
computer  simulation  By  designing  the  gap  ratio  (the  distance  of  the  extraction  region  /  the  distance  of  the  acceleration  region)  with 
a  small  value,  we  could  control  the  beam  with  energies  of  1-100  keV  by  varying  the  extraction  voltage  from  0  to  2  kV 


1.  Introduction 

Recently,,  tt  has  been  popular  'o  apply  ton  beam 
systems  to  industrial  uses  other  than  semiconductor 
implantations,  such  as  the  implantation  of  impurities 
for  solar  cells  and  thin  film  tramsistors  of  liquid  crystal 
drivers,,  beam  etching  for  magneto-heads  and  non- 
sphencal  lens  is.  and  surface  modification  of  metals  and 
ceramics.  Requirements  for  some  of  these  latter  uses  are 


high  beam  currents,  high  performance,  large  area  uni¬ 
formity..  wide  area  treatment,  good  controllability  and 
easy  maintenance  An  ion  shower  system  which  uses  a 
multi-hole  electrode  extraction  ion  source.,  typically  a 
bucket  type  ton  source,  is  su. table  for  many  of  the 
above  requirements  Generally  speaking,  this  system  has 
two  disadvantages  compared  with  the  ion  implanter 
One  IS  that  using  the  usual  three-electrode  extraction 
ion  source.,  the  lower  the  beam  energy  the  lower  the 
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Fig  1  Schematic  drawing  of  the  ion  shower  system  with  a  four-electrode  ton  source  for  UK)  keV  B  and  P  ion  beams  and  the 

threc-electrode  ion  source  for  a  10  keV  H  ion  beam 
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Fig  2.  Schematic  of  the  four-electrode  ion  source 


beam  current  to  obtain  a  good  beam  uniformity,  be¬ 
cause  beam  current  is  proportional  to  beam  energy 
under  similar  beam  optics,  ^nother  is  that  mass 
separation  is  difficult. 

We  investigated  whether  a  four-electrode  extraction 
large  area  ion  source  could  operate  with  a  wide  range  of 
operational  conditions  required  for  an  ion  shower  sys¬ 
tem  which  IS  applied  to  implantation  for  solar  cells  and 
thin  film  transistors  of  liquid  crystal  drivers  The  re¬ 
quired  specifications  are  that  the  beam  energy  should 
vary  from  1  to  100  keV  with  the  same  current  density 
(10  (iA/cm^)  and  that  the  beam  current  is  variable 
from  10  nA/cm^  to  10  (lA/cm^  for  the  same  beam 
energy  (around  100  keV)  with  good  beam  uniformity 
(<  + 10%)  on  the  15  cm  X  15  cm  target. 

A  four-electrode  extraction  ion  source  has  been  in¬ 
vestigated  in  detail  by  the  JAELl  groupe  [1]  for  the 
neutral  beam  injection  system.  Their  purpose  is  to  get  a 
minimum  beam  divergence  at  high  beam  current.  On 
the  other  hand,  in  this  work  the  purposes  were  to 


Fig.  4  Calculated  beam  divergence  w  with  varying  parameter.s 
V,  and  F,  (PH,).  K3  =  1..10.20. 100  kV.  =  0.1-1  kV 


achieve  a  uniform  beam  profile  with  widely  varying 
operational  conditions,  and  good  controllability 


2.  Apparatus,  the  four-electrode  ion  source 

In  fig  1  the  ion  shower  system  is  shown,  which  is 
equipped  with  a  four-electrode  ion  source  and  with  the 
usual  three-electrode  ion  source.  The  former  is  used  as  a 
boron  (B)  and  phosphorus  (P)  ion  beam  source  with 
high  energy  (100  keV)  and  low  current  (4  mA)  The 
latter  is  used  as  a  hydrogen  (H)  ion  beam  source  with 
low  energy  (10  keV)  and  high  current  (200  mA).  Plasma 
production  is  done  by  dc  drscharge,  the  power  of  which 


Fig  3.  Typical  beam  irajeclory  calculaled  by  compuier  simulalion  with  a  beam  acceleration  voltage  F,  =  100  kV  and  an  extraction 
voltage  Fj  =  0.2  kV  (PH,)  /  -=  300  gA/cm^  /i,  =  5 ,5  gA.  u  =  2.7'’,-  a  =  1  mm,  4(1-2)  =  1.5  mm,  4(2-3)  =  30  mm,  r(l-4)  =  2  mm 
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is  supplied  by  a  filament  power  supply  and  an  arc 
power  supply  in  the  high  potential  box.  These  power 
supplies  are  alternatively  used  for  both  ion  sources.  The 
process  chamber  is  evacuated  by  an  oil  diffusion  pump 
with  a  pumping  speed  of  5000  1/s.  In  the  loadiock 
chamber,  a  150  cm  x  150  cm  size  specimen  can  be 
installed.  To  measure  the  beam  profile,  there  is  a  Fara¬ 
day  cup  array  which  consists  of  nine  cups,  where  the 
cup  hole  size  is  4  mm  in  diameter  and  a  has  pitch  of  25 
mm,  attached  to  the  specimen  holder.  It  is  scanned 
horizontally.. 

A  schematic  of  the  four-electrode  source  is  shown  in 
fig.  2  The  plasma  chamber  is  enclosed  with  a  multi-cusp 
magnetic  field  and  a  filament  installed  in  it.  The  ion 
source  gas  is  fed  in  at  the  top  of  the  chamber..  The  ion 
beam  is  transported  by  the  four-electrode  system.  The 
first  electrode  is  the  plasma  electrode,  the  second  one  is 
for  extraction,  the  third  one  is  for  acceleration  and  the 
fourth  one  is  the  earth  electrode.  The  multi-holes  of  529 
pieces  are  made  in  the  22  cm  X  22  cm  square  area  for 
each  electrode  coaxially. 


3.  Computer  simulation  of  beam  trajectory 

For  designing  the  beam  optics  of  the  four-electrode 
system,  the  mam  factors  are  the  Perveance  ratio  ( P/P^ ) 
which  IS  concerned  with  the  beam  divergence  at  the 
extraction  region,  the  electric  field  ratio  /  =  Ei/fj 
which  controls  the  lens  effect  between  the  extraction 
( E,  =  )  and  the  acceleration  ( £3  =  ( )/</2 ) 

regions,  and  the  potential  ratio  p  =  K.)  which 

describes  the  beam  collimation  intensity  at  the  accelera¬ 
tion  region.  Here  is  the  extractio"  voltage  between 
the  first  and  second  electrodes,  is  the  acceleration 
voltage  between  the  tirst  and  fourth  electrodes,  d,  is  the 
distance  between  the  first  and  second  electrodes,  and  d^ 
IS  that  between  the  second  and  third  electrodes.  As  the 
distance  between  the  electrodes  and  the  target  is  30  cm, 
the  beam  divergence  (<o)  must  be  designed  to  have  a 
suitable  minimum  value  of  <0  =  30  mrad  (2®),  otherwi.se 
a  too  small  divergence  results  in  a  multi-spot  beam 
profile 

A  typical  example  of  a  PH  3  ion  beam  trajectory  at 
the  single  hole  calculated  with  a  computer  simulation  is 
shown  in  fig  3.  The  mam  parameters  are  shown  in  the 
figure,  namely  the  ion  saturation  current  J,  ~  300 
pA/cm^,  Fj  =  100  kV,;  F^  -  0  2  kV,.  the  radius  of  the 
hole  of  the  first  electrode  a  =  1  mm,  the  gap  between 
the  first  and  second  electrodes  </(l-2)=1.5  mm,  the 
gap  between  the  second  and  and  third  electrodes  d(2-3) 
=  30  mm,  and  the  thickness  of  each  electrode  t  =  2  mm 
In  the  results,  the  beam  current  =  5.5  pA  and  the 
beam  divergence  angle  u  =  2.7®.  As  the  calculated  Per¬ 
veance  ratio  of  the  extraction  region  is  1.4,  the  plasma 
meniscus  has  a  convex  shape.  Then  with  an  electric  field 
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Fig.  5  Beam  profiles  at  the  midplane  with  F^  =  20  kV  and 
F,  =  0.2-1  OkVtPHj). 


ratio  /  =  0.02,  beam  focusing  occurs  because  of  the 
strong  convex  lens  effect.  As  the  potential  ratio  is 
p  =  0.002,  the  beam  is  collimated  at  the  acceleration 
region 

The  calculated  values  for  u  are  shown  in  fig.  4  for  F 
in  the  range  Fj  =  0.1-1  kV,.  and  values  for  F^  of  F,  = 
100  ^  10  and  1  kV.  As  F^  decreases.  the  value  of 

F  which  gives  the  minimum  w,  decreases. 


4.  Lxperimental  results 

The  ion  beam  profile  was  measured  by  means  of  a 
scanning  Faraday  cup  array.  In  fig.  5,  beam  profiles  at 
the  midplane  are  shown  with  F,  --  20  kV,  F  "  0.2- 1.0 
kV,.  other  conditions  as  shown.  At  F  =  0.6  kV,  a  niulti- 
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Fig  6  Beam  profiles  at  the  midplane  with  =  5-80  kV  and  -  0  4  kV  (PH,), 


spot  beam  profile  appeared,  which  suggests  the  beam 
divergence  to  be  at  a  minimum.  So  it  is  recognized  that 
the  optimum  is  0.2  kV 


In  fig.  6.  beam  profiles  at  the  midplane  with  =  0.4 
kV  and  F^  =  5-80  kV  are  shown  At  =  10  kV,.  a 
multi-spot  beam  profile  appears. 


Fig.  7  Beam  profiles  at  the  midplane  with  =  5-100  kV  and  optimized  F^  for  good  beam  profile  (PH,) 
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Fig  8,  Optimum  vs  F,  for  a  good  beam  profile  and  minimum  divergence  conditions  deduced  from  the  computer  simulation  (PH,). 

Considering  the  experimental  and  computational  re¬ 
sults  stated  above,  the  measured  beam  profiles  at  opti¬ 
mum  for  =  5-100  kV  are  shown  in  fig.  7.  It  is 
shown  that  the  average  beam  current  density  is  almost 
the  same  at  7  pA/cm^  and  the  uniformity  of  the  profile 
IS  less  than  ±3%  in  the  +75  cm^  area.  The  beam 
uniformity  in  a  150  mm  X  150  mm  square  area  is  less 
than  ±  10%.  In  fig.  8,  the  optimum  versus  y^  to 
obtain  a  good  beam  profile  are  plotted  and  the  mini¬ 
mum  divergence  conditions  as  deduced  from  computer 
simulation  are  also  plotted. 


5.  Conclusions 

(1)  It  IS  concluded  that  using  a  four-electrode  ion 
source,  a  constant  beam  current  and  a  good  beam 
profile  can  be  achieved  for  the  5-100  keV  energy  range. 
Computer  simulation  results  agreed  fairly  well  with  the 
experiment,  which  suggests  that  using  this  extraction 
system,  the  beam  optics  does  not  follow  the  /  a 
law  but  can  be  controlled  by  the  suitably  selected 
extraction  voltages  k'. 
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(2)  For  this  four-electrode  extraction  ion  source,  the 
suitable  extraction  voltage  is  somewhat  lower  or 
higher  than  the  extraction  voltage  which  gives  a 
minimum  divergence  angle.  The  lower  value  is  = 
100-300  V  for  the  beam  energy  k'j  =  10-100  keV.  The 
higher  value  increases  rapidly  as  kj,  increases,  so  the 
available  conditions  are  <  20  kV  and  k^.  =  0.5-1  kV. 
It  is  expected  that  a  high  beam  current  density  requires 
a  high  extraction  voltage. 
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A  new  type  of  oxygen  ion  source  has  been  developed  in  order  to  substantially  prolong  the  lifetime  of  a  conventional  oxygen  ion 
source  for  various  plasma  processes  In  this  ton  source,  an  oxygen  plasma  is  produced  by  coupling  a  13  56  MHz  radio-frequency  (rf) 
field  to  a  pair  of  rf  electrodes  placed  in  the  region  of  a  line  cusp  field.  Two  electrodes  are  positioned  in  such  a  way  that  accelerated 
electrons  undergo  magnetron  type  motion  around  them,  efficiently  producing  a  plasma  around  the  electrodes  (rf  magnetron 
discharge)  This  plasma  diffuses  along  the  magnetic  field  line  into  the  center  region  of  the  cusp  field  where  the  field  strength  is  almost 
ml.  The  above  process  makes  it  possible  to  produce  a  large  volume  of  uniform  plasma  As  a  result,  extraction  of  a  large  area 
oxygen-ion-beam  from  the  new  ion  source  is  relatively  easy.  The  lifetime  of  this  ion  source  is  virtually  limitless,  because  it  does  not 
have  any  corrosive  parts,  such  as  a  hot  filament  The  new  ion  source  can  be  used  with  any  kind  of  reactive  gases  as  well  as  oxygen 


I 
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1.  Introduction 

The  ion  sources  have  been  u.sed  in  ion  a$.sisted 
technologies  such  as  ion  beam  etching,  ion  beam  de¬ 
position  and  ion  implantation  for  high  speed  ion  beam 
processing  (1-6).  In  the  plasma  processes,  stable  oper¬ 
ation  with  a  long  lifetime  is  required  because  chemically 
reactive  ion  beams  have  been  extensively  utilized  in 
semiconductor  fabrication.  Furthermore,  recently,  the 
need  has  arisen  for  an  ion  source  to  extend  the  ability 
for  uniform  irradiation  over  a  large  area.  For  the 


above-mentioned  reason,  the  development  of  a  radio- 
frequency  magnetron  type  ion  source  was  started.  A 
new  type  of  rf  magnetron-discharge  oxygen  plasma 
source  has  been  developed  to  substantially  prolong  the 
lifetime  of  the  conventional  oxygen  plasma  source  for 
various  plasma  processes.  In  comparison  with  a  dc' 
plasma  source,  the  rf  pla,sma  source  has  several  ad¬ 
vantages:  (1)  It  IS  a  simple  structure,  (2)  it  produces  a 
uniform  plasma  density.  (3)  it  produces  easily  a  large- 
area  ion  beam.  (4)  it  can  be  used  with  any  reactive  gas, 
and  (5)  finally,  as  it  has  no  filament  it  has  a  long 
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ELECTRODE  CENTER  ELECTRODE 

DISTANCE  PROM  THE  CENTER  OP  ION  SOURCE  (cm) 

Fig  ;  Intensity  distribution  as  a  function  of  the  rf  power  in  the  cusp  field  Oj  gas.  =  .3  0  x  10  ^  Torr.  cusp  magnetic  field  (90  G). 
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Fig.  3  Intensity  distribution  as  a  function  of  the  rf  power  in  the  mirror  field  O2  gas.  Z”  =  3  x  10  Torr..  mirror  magnetic  field 

(140  G),  O2  spectral  line 
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ELECTRODE  CENTER  ELECTRODE 

DISTANCE  FROM  THE  CENTER  OF  ION  SOURCE  (cm) 

Fig  4  Intensitv  distribution  as  a  function  of  the  pressure  of  the  ionization  chamber  in  the  cusp  field  O2  gas.  rf  power  =  200  W,  cusp 

magnetic  fields  (90  G),  O;  spectral  line 
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Fig  5  Ion  current  density  distribution  as  a  function  of  the  rf  power  in  the  cusp  field.  Oi  gas.  F  -  44x  10  “*  Torn  cusp  magnetic' 

field  (90  G). 
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ELECTRODE  CENTER  EI.ECTRODE 

DISTANCE  FROM  THE  CENTER  OF  ION  SOURCE  (cm) 

Fig  6  Ion  current  density  distribution  as  a  function  of  the  rf  power  in  the  mirror  field  O;  gas.  F*  =  3  Ox  10  Torr,  mirror  magnetic 

field  (140  0) 


ELECTRODE  CENTER  ELECTRODE 

DISTANCE  FROM  THE  CENTER  OF  ION  SOURCE  (cm) 

Fig.  7  Ion  current  density  di.stnbution  as  a  function  of  B  in  the  cusp  field.  O;  gas,  P  =  2  5  x  10~‘'  Torr.  rf  power  =  100  W.  cusp 

magnetic  field 
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lifetime.  We  have  constructed  a  new  version  of  a  com¬ 
pact  rf  magnetron  ion  source. 

In  this  paper,  the  operational  principles  and  pre¬ 
liminary  test  results  are  reported. 


2.  Structure  and  operating  principle  of  the  ion  source 

The  structure  of  the  newly  designed  version  of  the  rf 
magnetron-type  ion  source  is  schematically  shown  in 
fig.  1.  This  ion  source  consists  of  a  cylindrical  ionization 
chamber,  the  magnetic  coils  and  the  rf  electrodes.  The 
geometrical  and  electrical  characteristics  of  the  ion 
source  are  the  following:  Interior  diameter  of  the  ioniza¬ 
tion  chamber  in  pyrex  glass,  150  mm,  length  of  the 
vessels  150  mm.  The  ionization  chamber  is  surrounded 
with  a  pair  of  magnetic  coils  which  produce  a  magnetic 
field  in  the  chamber.  The  pair  of  magnetic  coils  were 
placed  at  an  interval  of  100  mm.  The  magnetic  flux 
density  is  about  100  G  near  the  wall.  This  magnetic 
field  produces  a  line  cusp  field.  A  pair  of  rf  electrodes 
in  a  ring  is  placed  in  the  region  of  the  line  cusp  field  at 
an  interval  of  100  mm.  The  rf  discharge  is  sustained  by 
an  rf  generator  of  maximum  rf  power  output  of  1  kW 
and  the  oscillation  frequency  is  from  0.001  to  20  MHz. 
The  discharge  gas  Oj  is  fed  into  the  ionization  chamber 


through  a  mass  flow  controller.  Ultimate  pressure  ob¬ 
tained  IS  10“^  Torr  using  an  oil  diffusion  pump  of  6  in. 
diameter.  The  rf  power  of  around  200  W  and  oscillation 
frequency  of  13.56  MHz  is  applied  to  the  rf  electrodes, 
via  a  SWR  meter  and  an  impedance  matching  network 
which  is  a  homemade  design.  Two  electrodes  are  posi¬ 
tioned  in  such  a  way  that  the  accelerated  electrons 
undergo  a  magnetron-type  motion  around  them,  effi¬ 
ciently  producing  a  plasma  ring  around  the  electrodes. 
This  initially  produced  a  diffuse  plasma  along  the  mag¬ 
netic  field  line  into  the  center  region  of  the  cusp  field 
when  the  field  strength  is  almost  ml. 

3.  Characteristics  of  the  ion  source 

In  all  measurements  reported  here,  oxygen  was  used 
as  the  discharge  gas  in  the  ionization  chamber.  Ion 
current  densities  were  measured  by  the  Faraday  cup 
without  a  grid.  Uniformity  of  the  plasma  density  distri¬ 
bution  in  the  lonizat'an  chamber  was  checked  by  the 
spectral  analysis.  The  intensity  of  the  spectral  line  (O2 
5585  A)  with  the  spectroscope  is  shown  in  fig.  2  for 
various  values  of  the  rf  power  in  the  cusp  field  The 
intensity  of  the  spectral  line  increases  as  the  rf  power 
increase  and  in  the  center  part  it  is  almost  flat  Fig.  3 
shows  the  intensity  as  a  function  of  the  rf  power  in  the 
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Fig  8.  Ion  current  density  distribution  as  a  function  of  B  in  the  mirror  field.  Oj  gas.  F  =  2.5  X 10  ''  Torr.  rf  power  =  150  W,  mirror 
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mirror  field.  In  this  case,  the  intensity  of  the  center  part 
IS  lower  than  that  of  the  end  parts.  In  order  to  obtain  a 
uniform  distribution  of  the  plasma,  the  cusp  field  must 
be  stionger  than  the  mirror  field. 

Fig.  4  shows  the  intensity  distribution  for  three 
values  of  the  pressure  in  the  ionization  chamber.  It  is 
seen  that  the  intensity  increases  as  the  pressure  in¬ 
creases.  At  lower  pressures  the  intensity  of  the  center 
parts  IS  higher  than  that  of  the  end  parts.  However,  at  a 
high  pressure,  the  intensity  of  the  end  part  is  higher 
than  that  of  the  center  parts. 

In  figs.  5-8  results  are  given  when  the  ion  current 
densities  are  examined  by  the  Faraday  cup  Fig.  5  shows 
the  ion  current  density  distribution  as  a  function  of  the 
rf  power  in  the  cusp  field.  The  ion  current  density 
increases  with  increasing  rf  power,  but  the  ion  current 
density  distribution  is  not  uniform.  Fig.  6  shows  plots 
of  the  ion  current  density  distribution  against  the  rf 
power  m  the  mirror  field.  In  this  case,  the  ion  current 
density  also  increases  with  increasing  rf  power.  This 
data  tells  us  the  ion  current  density  of  the  cu.sp  field  is 
higher  than  that  of  the  mirror  field. 

The  effect  of  the  magnetic  field  B  for  the  ion  pro¬ 
duction  was  examined.  The  ion  cuirent  density  distribu¬ 
tion  IS  shown  in  fig.  7  for  various  values  of  B  in  the 
cusp  field.  The  results  indicate  that  an  increase  in  the 
ion  current  density  up  to  100  G  results  in  no  significant 
increase.  Fig.  8  shows  plots  of  the  ion  current  density 
distribution  against  B  in  the  mirror  field.  The  ton 
current  density  increases  with  increasing  B.  The  results 
indicate  that  the  cusp  field  is  better  than  the  mirror 
field  for  ion  production  and  a  large-area  irradiation. 


4.  Conclusion 

It  was  confirmed  that  the  rf  magnetron  type  ion 
source  can  produce  a  large-area  ion  beam  and  have  a 
long  lifetime.  Furthermore,  this  ion  source  can  be  used 
effectively  for  producing  an  oxygen  ion  beam.  It  is 
suggested  that  a  cusp  field  is  better  than  a  mirror  field 
for  ion  production. 
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Development  of  a  high  current  and  high  energy  metal  ion  beam  system 

H.  Inami,  Y.  Inouchi,  H.  Tanaka,  T.  Yamashita,  K.  Matsunaga  and  K,  Matsuda 

Nissm  Eleciric  Co,  Lid,  47,  Umezu-Takase-cho,  Ukyo-ku,  Kyoto  615,  Japan 


A  high  current  metal  ion  accelerating  system,  which  consists  of  a  metal  vapor  plasma  ion  source  with  a  multicusp  magnetic  field 
and  a  single  gap  acceleration  column,  has  been  developed.  The  following  results  were  obtained  experimentally:  (1)  a  110  mA 
aluminum  ion  beam  and  a  95  mA  chromium  ion  beam  were  extracted  from  the  ion  source,  (2)  the  impurities  contained  in  the  beams 
were  less  than  1%.  and  (3)  the  aluminum  ion  beam  was  accelerated  up  to  90  keV  at  50  mA  on  the  target. 


1.  Introduction 

Surface  modification  of  several  kinds  of  materials 
(metals,  ceramics,  etc.)  by  metal  ton  implantation  has 
been  investigated  and  improvements  of  wearness  and/or 
hardne.ss  of  these  i  ','",nals  have  been  reported  [1-4). 
Some  kinds  of  ion  beams  of  metal  elements  (for  exam¬ 
ple  aluminum,  chromium,  silicon,  titanium,  etc )  at  an 
energy  above  100  keV  have  been  used.  It  should  be 
emphasired  that  a  high  dose  of  above  10'^  ions/cmV 
which  IS  two  or  three  orders  of  magnitude  higher  than 
the  dose  used  for  ordinary  ton  implantation  for  semi¬ 
conductor  devices,  is  required  to  achieve  an  effective 
improvement. 

Therefore,  in  order  to  complete  implant  processing 
to  an  area  of  about  100  cm'  in  a  few  minutes,  a  high 
current  and  high  energy  metal  ion  beam  system  is 
nece.ssary.  Besides  making  a  system  simple  and  com¬ 
pact..  a  non-mass-analyzed  system  is  desirable  There¬ 
fore  the  purity  of  the  ion  beam  extracted  must  be  as 
high  as  possible. 

So  far.  .several  types  of  high  current  metal  ton  sources 
have  been  developed  [5-7]  The  authors  also  developed 
a  metal  vapor  plasma  ton  source  [8.9].  Using  this  type  of 


ton  source,  a  60  mA  aluminum  beam  could  be  extracted 
stably  foi  three  hours.  And  it  was  found  that  the  purity 
of  the  beam  was  high  compared  with  the  purities  of 
beams  extracted  from  ion  sources  in  which  chloride  or 
fluoride  gases  of  metals  for  feed  materials  are  used. 

Then  the  authors  tried  to  enhance  further  the  beam 
current  and  purity.  In  order  to  increase  the  beam  en¬ 
ergy.  a  post-acceleration  column  of  a  single  gap  was 
used. 

2.  Experimental  setup 

The  metal  ion  beam  is  extracted  from  the  multicusp 
ion  source,  and  the  beam  is  accelerated  by  the  single 
gap  acceleration  column.  The  characteristics  of  the  beam 
are  measured  by  a  profile  monitor,  a  calorimeter  and  a 
mass  analyzer.  The  schematic  diagram  of  the  experi¬ 
mental  setup  is  shown  in  fig  1 

The  1  ■  al  ion  source  has  double  radiation  shields  in 
the  discharge  chamber.  The  shields  are  heated  to  high 
temperature  to  prevent  the  condensation  of  metal  vapor 
in  the  ion  .source.  The  metal  vapor  plasma  is  produced, 
without  any  pre-ionized  gases  by  an  arc  discharge. 
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where  the  metal  to  be  ionized  is  fed  as  vapor  from  the 
crucible  set  in  the  radiation  shields.  The  ion  beam  is 
extracted  from  multi-slit  electrodes  (each  slit  is  0.3  cm 
wide  and  7  cm  long;'  the  extraction  area  is  7.5  cm^ ).  The 
details  of  the  ion  source  have  been  described  elsewhere 
(8,9). 

In  order  to  accelerate  a  high  current  ion  beam  up  to 
100  keV,.  we  designed  the  single  gap,  acceleration  col¬ 
umn  with  an  inner  diameter  of  12  cm  and  a  gap 
distance  d  of  4  or  6.5  cm.  At  the  entrance  of  the 
acceleration  column,  beam  limiter  1,  with  a  7  cm  diame¬ 
ter  aperture  is  set  to  reduce  the  beam  bombardment  on 
the  acceleration  electrodes.  Behind  the  acceleration  elec¬ 
trodes  a  suppressor  biased  negatively  is  placed  to  sup¬ 
press  the  streaming  back  of  secondary  electrons  pro¬ 
duced  by  the  beam  bombardment  on  a  beam  target.  The 
distance  between  the  extraction  electrode  and  beam 
limiter  1  is  38  cm. 

The  beam  current  on  the  beam  target  is  measured 
calonmetrically.  The  two-dimensional  spatial  profile  of 
the  beam  is  measured  by  an  array  of  Faraday  cups  (a 
profile  monitor).  The  purities  of  the  extracted  beam  are 
studied  by  using  a  magnetic  mass  analyzer 

The  residual  gas  pressure  (F)  in  the  chamber  during 
the  “xperiments  was  below  2  x  10"''  Pa. 

3.  Experimental  results 

3  /.  Characiertsiics  of  the  exiratted  ion  beam 

Measurements  of  the  extraction  characteristics  of  the 
beams  were  carried  out.  Fig,  2  shows  the  extraction 
characteristics  of  aluminum  and  chromium.  From  the 


EXTRACTION  VOLTAGE  (kV) 


Fig.  2,  Characteristics  of  ion  beam  extraction. 


Table  1 

Results  of  mass  analysis  of  the  extracted  beam 


Element 

Single 

Double 

Impurities 

charge  [%) 

charge [%] 

1%1 

Al 

96 

3 

1 

Cr 

79 

20 

1 

figure  it  is  seen  that  a  maximum  of  110  mA  of  alurmnum 
ions  and  95  mA  of  chromium  ions  were  extracted. 

The  impurities  contained  in  the  ion  beam  were  mea¬ 
sured  by  the  magnetic  mass  analyzer.  The  results  are 
listed  in  table  1.  The  impurities  were  less  than  1%.  The 
components  of  these  impurities  were  mainly  Ta  and/or 
W,.  which  are  the  materials  of  the  radiation  shields  and 
the  filaments  in  the  ion  source.  For  aluminum  ion 
beams,  a  ratio  of  singly-charged  aluminum  ions  to  total 
ions  of  96%  was  achieved  by  reducing  the  arc  voltage 

3.2  Beam  transport  efficiency  and  characteristics  of  the 
ton  beam  acceleration 

The  beam  transport  efficiency  is  one  of  the  most 
important  parameters  to  get  a  high  current  and  high 
energy  ion  beam.  So.  we  investigated  the  ion  beam 
transport  from  the  ion  source  to  the  beam  target  in  the 
experimental  configuration  (shown  in  fig.  1)  with  the 
post  acceleration  column.  The  acceleration  current  ( l^) 
and  the  target  current  were  obtained  as  a  function 
of  the  acceleration  voltage  under  the  conditions 

of  an  extraction  voltage  (F,.„)  of  20  kV  and  an  extrac- 


BEAM  ENERGY  (kiV) 

Fig.  3.  Aluminum  ion  beam  currents  vs  beam  energy  /j,,- 
extraction  current.  acceleration  current;  beam  cur¬ 
rent  on  the  target  (extraction  voltage  =  20  kV) 
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Fig.  4  Spatial  profile  of  the  accelerated  aluminum  ion  beam 
Symbols  "chn"  denote  the  nth  Faraday  cup  of  the  prrfile 
monitor  (a)  =  30  kV;  (b)  =  70  kV  (/a^c  =  15  niA, 

=  65  mm,  /’  =  !  9x10"“  Pa). 


tion  current  (4,,)  of  about  80  mA.  The  experimental 
results  for  A1  ions  are  .shown  in  fig.  3.  Here  the  gap  of 
the  acceleration  electrodes  was  4  cm,  and  the  suppressor 
was  biased  at  -  3.8  kV,  whch  was  sufficient  to  suppress 
the  secondary  electrons  produced  cn  the  beam  target 
From  the  figure  it  is  found  that  the  transport  efficiency 
from  the  ion  source  to  the  acceleration  column,  7)i(  = 
4(.c/4xi)  ‘s  about  ?5%.  On  the  other  hand  the  transport 
efficiency  from  the  acceleration  column  to  the  beam 
target,  t):(  = increases  with  the  beam  energy 
and  reaches  83?  at  a  beam  energy  of  90  keV  ( =  50 
niA)  This  increment  of  the  transport  efficiency  may  be 
cau.sed  by  far  the  following  reasons  The  spread  of  the 
beam  at  low  energies  is  larger  than  the  size  of  the  beam 
target,  so  the  beam  target  was  not  enough  to  catch  the 


whole  beam.  As  the  beam  energy  increases,  the  beam 
spread  gradually  becomes  smaller. 

To  confirm  this  idea,  measurement  of  the  beam 
profile  was  carried  out.  The  profile  monitor  was  set 
behind  beam  limiter  2  with  a  70  mm  aiameter  aperture, 
through  which  the  beam  irradiated  the  profile  monitor. 
Figs.  4  and  5  show  'he  dependence  of  the  beam  profile, 
which  is  in  the  perpendicular  direction  (T)  to  the  long 
side  of  the  extraction  slits,  on  the  acceleration  voltage  at 
low  current  =15  mA)  and  high  current  (4,,^  =  50 
mA),  respectively.  Here  the  signal  from  each  channel 
corresponds  to  those  of  each  of  the  Faraday  cups 
arranged  at  1.5  mm  intervals.  The  figures  show  the 
oharp  edges  of  the  signals,  as  expected,  from  the  beam 
restricted  of  limiter  2.  From  fig.  4  it  is  seeen  that  the 
double  peaking  of  the  signal  occurs  for  the  higher 
acceleration  voltage,  which  means  there  is  a  focusing 
effect.  In  fig.  5  it  is  seen  that  this  focusing  effect  also 
occurs  for  high  currents,  because  the  intensity  of  the 
signal  increases  as  the  acceleration  voltage  increases. 
From  the  comparison  of  signals  in  fig.  4  and  fig.  5,  we 
conclude  that  beam  uniformity  is  improved  by  increas¬ 
ing  the  current. 


4.  Conclusion 

High  current  aluminum  (110  mA)  and  chromium  (95 
mA)  ion  beams  were  extracted  from  the  multicu.sp  ion 
source  The  impurities  contained  in  the  beam  were 
within  1%,,  and  most  of  the  beam  was  singly-charged 
and  doubly-charged  ions  In  the  case  of  aluminum  ions 
the  proportion  of  singly-charged  ions  could  be  en¬ 
hanced  up  to  96?. 

As  a  result  of  an  ion  beam  accelerated  by  using  the 
.single  gap  acceleration  column,  50  mA  of  aluminum 
ions  of  90  keV  were  obtained  on  the  beam  target  Then, 
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Fig  5  Spatial  profile  of  the  accelerated  aluminum  ion  beam  Symbols  ''chM"  denote  the  nth  Faraday  cup  of  profile  monitor  (a) 
F„^  =  30  kV,  (b)  F^^,.  =  50  kV,  (c)  F^,,  =  70  kV  ( 4,^  =  50  mA.  =  65  mm.  F  =  1  8  x  10'  “  Pa). 


H  Inami  el  at  /  High  current  .nelal  ion  beam  system 


373 


the  transport  efficiency  in  the  whole  system  7)(  =  r)i  x  tjj) 
was  about  62%.  From  the  spatial  profile  measurement, 
the  focusing  effect  of  the  acceleration  column  v'as  ob¬ 
served  and  it  was  found  that  beam  uniformity  was 
improved  by  an  increase  of  the  beam  current. 
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The  beam  optics  research  for  a  high  energy  (over  6(K)  keV),  high  mass  resolving  power  (over  2101  and  very  high  beam 
transportation  efficiency  (over  85%)  ion  implanter  is  descnbed.  The  analytical  equation  for  a  constant  gradient  accelerating  tube  is 
given,  and  the  beam  optics  design  has  been  earned  out  taking  into  consideration  the  space-charge  effect  in  the  accelerating  tube  and  a 
second-order  aberration  in  the  analyzing  magnet  The  ion  beam  was  successfully  transported  over  19  m.  and  the  beam  current  on  the 
implantation  target  for  Mg*  (total).  Ar*,  P*,  and  Cd*  (total)  was  50,  200.  100  and  ^  50  pA,  respectively,  at  630  keV 


1.  Introduction  2.  Optics 


Research  into  the  application  of  ion  implantation 
commenced  at  the  Shanghai  Institute  of  Metallurgy  20 
years  ago.  During  this  period,  a  200  keV  ion  implanter 
for  semiconductors  as  well  as  for  RBS  (Rutherford 
backscattering  spectroscopy)  was  built,  but  the  old  ma¬ 
chine  cannot  satisfy  further  developments  in  research, 
.so  we  decided  to  build  a  (1)  high  energy  (over  600  keV), 
(2)  whole  mass  range  (1-210  amu),  (3)  high  mass  resolv¬ 
ing  power  (over  210),  (4)  high  beam  current  stability 
and  high  energy  stability  (less  than  10'“'),  and  (5)  high 
beam  transportation  efficiency  implanter.  In  addition, 
this  implanter  can  be  used  both  for  ion  implantation 
(including  isotopic  element  ion  implantation)  and  for 
ion  beam  analysis  (i.e.,  RBS  channeling)  (1). 

The  scheme  c.'  pre-acceleration  and  post-analysis 
was  chosen  so  that  the  high  resolving  power  magnet 
(deflecting  radius  of  1200  mm)  could  be  placed  on  the 
ground.  The  beam  is  extracted  Irom  a  Nielsen-type  ion 
source,  focused  by  an  einzel  lens,  and  then  accelerated 
and  analyzed.  In  this  scheme  the  extracting  energy  (30 
keV)  section  is  only  682  mm  long,  A  magnetic  switch  is 
used  for  deflecting  the  beam  into  any  one  of  five  beam 
lines.  Fig.  1  shows  the  general  layout  of  the  600  keV 
research  heavy  ion  implanter. 


I  '  Present  address-  Institute  of  Information  Display  and  Trans- 

ducer,  Shanghai  Jiao  Tong  University,  Shanghai  200030, 
I  People’s  Republic  of  China 
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2  1.  Optics  of  the  accelerating  system 

At  first,  we  used  a  first-order  beam  transportation 
matrix  (5  x  5)  to  calculate  the  beam  envelope  of  the 
whole  machine.  But  the  low  energy  (less  than  200  keV), 
heavy  ions  (e.g.,  ^'”*Pb*.,  ^”’Bi*)  and  strong  beam  cur¬ 
rent  (500  )iA)  affect  the  beam  transportation.  So  the 
space-charge  effect  was  considered  in  the  accelerating 
system.  The  accelerating  tube  is  composed  of  four  word¬ 
ing  .sections  with  a  total  length  of  1760  mm.  The  dis- 
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lance  between  the  object  waist  of  the  accelerating  tube 
and  the  entrance  of  the  triplet  electrostatic  quardrupole 
lens  is  defined  as  the  accelerating  system. 

2.1  1.  The  potential  equation  of  the  roiationally  symmetric 
constant  gradient  accelerating  tube 

In  order  to  increase  the  accuracy  of  the  calculation 
of  the  accelerating  system,  an  analytical  formula  of  the 
potential  on  the  axis  of  the  rotationally  symuict'ic' 
accelerator  tube  was  derived.  The  schematic  diagram  of 
accelerator  tube  is  shown  in  fig.  2,  where  Eq  =  (U,- 
U^)/L,.  the  origin  is  at  the  entrance  of  accelerator  tube, 
L  is  the  length  and  a  is  the  radius  of  the  accelerator 
tube,  Uq  is  the  potential  before  acceleration,  and  t/,  is 
the  potential  after  acceleration. 

Simply  the  electncal  potential  can  be  obtained 
through  the  consideration  of  the  entrance  thin  lens 
model,  constant  gradient  accelerating  field  and  exit  thin 
lens  model.  The  focal  length  can  be  calculated  from  the 
Davisson-Calbick  equation.  In  practice,  however,  there 
is  a  fringing  electrical  field  at  the  entrance  or  the  exit  of 
accelerating  tube.  The  potential  equation  describing  the 
system  should  consider  the  boundary  conditions  below: 

f/(0,.  r  >  u)  =  (/„,-  U{L,.  r^a)  =  U,t 
£{;=-oo)  =  0,  £(.-  =  oo)=0..  (1) 

Through  consideration  of  the  entrance  and  exit  fields 
and  solving  the  Laplace  equation,  the  approximate  anal¬ 
ysis  formula  on  the  axis  of  the  rotational  symmetric 
accelerating  system  is: 

Ui:)=HUo+U,)  +  (E„/^) 

x(:  tan'  '(z/u) 

-(2-L)  tan  '((z-£)/a))  (2) 

In  our  600  keV  heavy  ion  implanter,  the  length  of 
the  accelerating  tube  is  1715  mm,  and  radius  a  =  57 
mm. 

2  1.2  Space  charge  effects  in  the  accelerating  system 

Tanguy  ha.s  set  up  a  numencal  method  [2]  for  solving 
aberrations  and  space  charge  problems  in  beam  trans¬ 
portation  systems,  and  established  a  computer  program 


Fig.  1.  Schematic  diagram  of  the  constant  gradient  accelerating 
tube. 


called  REV0L,-  in  which  the  beam  was  considered  as  a 
nonuniformity  distribution,  e.g.,  a  parabolic  distribution 
in  the  present  case.  From  the  dynamical  equations 

m(dlv/dr^)  =fl£,,  +  £,(.x,  >■). 

m{d^y/dt^)  =  qE^.^  +  F^.{x,.  y),.  (3) 

where  the  E.^^  and  £,^  are  contributed  by  the  space 
charge,  and: 

=-q{  W/hx  ) .,  £,=  -<?(  w/by ) .  (4) 

We  put  several  thousand  ions  (e.g.  3000-70(X)  ions) 
in  the  simulation.  If  I{r)  is  the  beam  current  for  r  ^  R\ 

£n.  =  (l/(to''))/ rp{r)dr 
•'o 

=  /(r)/(2iT{ori>)  =  {l/{ltitorv)){l(r)/l),  (5) 

Where  /  =  beam  current..  If  we  take  N  ions  for  a 
simulation,  we  number  them  from  the  beam  centre  to 
the  outside,  the  ion  number  increasing  with  increasing 
radius.  So  there  are  j  ions  within  the  area  r  <  I{r)/I 
= j/N,  thus,  from  eq.  (5): 

The  beam  simulation  is  initiated  by  the  experiments 
and  Monte  Carlo  methods  [3].  From  the  experiment  it  is 
found  to  be  a  parabolic  distribution,  also  satisfying  the 
equation: 

x^/X^  +  x’^/X'‘  +  y^/Y^  +y'^/Y'-  ^  1 .  (7) 

We  calculated 

Xj(z^^  +  kh).  x'^(:o  +  kh), 

.Vji^o  +  kh),  yj'{zo  +  kh),  y  =  l.-2 . N, 

step  by  step  (where  Zq  is  initial  position,  h  is  step  length 
and  A:  =  1,  2,  ..),  the  beam  distribution  at  position 
(zq  +  kh)  can  be  given,  we  can  have  the  rms  beam 
radius  X,.  Y  and  rms  beam  emmitance  ft,- 

x-direction:  X  =  I'/x^ ,,  c,  =  4(  ^ 

y-direction:  F=2/P„  e,  =  4(7^?'^  - 

(8) 

The  accuracy  of  the  calculations  by  the  REV0L 
program  were  greatly  improved  compared  to  the  K-V 
distribution  [4].  We  also  developed  a  much  simpler 
envelope  equation  [5]  and  a  transfer  matrix  method  [6] 
for  heavy  ion  beam  acceleration  in  a  rotationally  sym¬ 
metric  field.  The  computer  programs  are  CP600M  and 
INTEFLOW.,  These  two  computer  program  CP600M 
and  INTEFLOW  were  written  and  compared  with 
REV0L.  The  results  yield  good  agreements,  but  the 
REV0L  program  can  give  more  information  as  it  in- 
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Fig  3  Beam  envelope  of  a  current  of  300  gA.  accelerated  from 
30  to  600  keV,  for  "B-",  "“Xe^  and  tons 

R„  =  1.7  mm.  t  =  .34  mm  mrad,  Z-q  =  230  mm 


etudes  beam  cross  section,  beam  emitlance  and  density 
of  particles  in  the  beam  cross  section  at  the  assigned 
position  of  the  beam  line.  Fig.  3  is  the  beam  envelope  of 

1  =  300  p A,  for  the  mass  of  "B  ”As+,  '^Xe-^ 

and  The  beam  transportation  was  simulated 

from  the  object  waist  of  the  accelerating  tube,  it  is  230 
mm  before  the  accelerating,  and  the  beam  radius  is  1,7 
mm  (90%)  with  a  beam  emittance  of  34  mm  mrad  (30 
keV).  The  beam  current  can  be  changed  from  100-500 
pA. 

Referring  to  the  results  of  the  experiment,  it  was 
defined  that  the  space  charge  effect  should  only  be 
considered  when  the  ion  energy  was  less  than  200  keV,. 
and  the  first-order  beam  transportation  matrix  should 
be  valid  when  the  ton  energy  was  higher  than  200  keV 

2  2  Optics  of  the  mass  analyzing  magnet 

2.2  I  The  mass  analyzing  magnet 

The  magnet  with  the  radius  R  =  1200  mm  and  pole 
gap  go  ^  fim  deflects  the  ion  beam  90  ° .  The  test 
results  show  that  the  magnet  induction  can  reach  18 
kG,  and  non-homogeneity  of  the  magnetic  field  is  less 


Fig  4  Distribution  of  the  extended  fringing  field  at  the  rnag- 
net  exit 

than  ±3x  10  '’  when  the  magnetic’  induction  is  less 
than  10.8  kG  and  the  homogeneity  width  along  the 
radius  is  60  mm  The  test  results  also  show  that  the 
entrance  fringing  field  is  the  same  as  the  exit  fringing 
field.  Fig.  4  is  the  distribution  of  the  extended  fringing 
fields  of  the  exit  edges,  where  h{s)-  B(s)/B(^.  $  is  the 
distance  between  magnet  contour  and  shield  (J  =  0  75. 
1,.  1.25,  1  5,.  1.75,  1.8.  2g||  and  x),  s  is  the  distance 
between  the  m'^gnet  contour  and  the  testing  spot  (the 
unit  is  g„).  jBq  is  the  magnet  induction  in  the  uniform 
region.  From  the  experimental  data,  the  virtual  field 
boundaries  of  the  extended  fringing  fields  Sq,  and  the 
correction  coefficients  /,  and  I2  c.an  be  obtained  by 


Table  1 

Variations  of  S),,  /,  and  /;  at  different  magnetic  inductions  (i  =  1  80gu,  g,,  =  40  mm) 


Bn  IG) 

4000 

6000 

8000 

10000 

11500 

13000 

15000 

SolKol 

0.117 

0  116 

0.112 

0111 

0112 

0111 

0111 

h 

0  310 

0  329 

0  335 

0  331 

0.338 

0  325 

0  330 

7, 

0,445 

0  451 

0451 

0451 

0.451 

0  450 

0  452 

Table  2 

Variations  of  I\  and 

7;  at  different  magnetic  inductions  ({  =1.85gy,-  go 

=  40  mm) 

Bo  [G]  4000 

6000 

8000 

10000 

11500 

13000 

15000 

So  l«ol  0.140 

0.139 

0.131 

0133 

0.313 

0.133 

0135 

/,  0.318 

0.317 

0.323 

0  321 

0.327 

0  317 

0  335 

1 2  0.451 

0.451 

0.452 

0  452 

0.453 

0  453 

0  458 
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numerical  integration  methods  [7],  For  our  implanter, 
the  magnetic  shield  must  be  at  J  =  1.80-1.85gg,  i.e.,  the 
virtual  field  boundary  is  0.125go  (5  mm).  Tables  1  and  2 
show  5^,,  /;  and  /j  for  different  values  of  magnetic 
induction  of  {=1.80  and  {  =  1.85go-  Although  the 
magnet  induction  changes  from  4  to  15  kG,,  the  varia¬ 
tion  of  the  virtual  field  boundary  Sq  is  less  than  O.OObgo 
(0.24  mm),  and  the  /,  and  I2  are  less  than  0.028  and 
0  006  respectively,  that  is  to  say:'  the  ion  beam  may  be 
moved  less  than  0,03  mm  at  the  deflecting  plane  and  the 
image  position  may  be  changed  less  than  4  mm. 

2.2.2.  First-  and  second-order  aberrations 

From  experimental  results,  we  calculated  the  first- 
and  second-order  aberrations  of  the  magnet  to  satisfy 
our  implanter.  Fig.  5  shows  the  beam  deflecting  system, 
the  horizontal  plane  is  the  bending  plane. 

In  order  to  focus  the  ion  beam  at  the  image  slit,  with 

=  (H  =  horizontal,  V  =  vertical),  and  the 

magnet  object  distance  given,  the  image  distance  can 
be  calculated  as  below  [7]: 

^  tan  «) 

“  { f^/R  ~  tan  fi  -  tan  a  tan  ^//{ )  ’ 

“v)/2)  +S1R/2] ) 

«v  +  (  1  -  iT(tan  av)/2)  tan  ^y] 
-1 +it(tan  ^v)/2})  '  (9) 

The  image  divergence  with  the  changes  of  object 
distance  is  If  the  image  dispersion 

(<^11 "  ''v)  '*>  minimized,  the  should  be  satisfied  by 
the  equation  below: 

=  [/?(tan  P  -t-  iT(tan  Py)/2  -  1)| 

X  [( 1  -  tan  tty  -  tan  )3y  -  tan  a  tan  P 
f  ^(tan  oy  tan  )3y  )/2)]  '.  (10) 


Fig.  5.  Magnet  deflecting  and  analyzing  system. 


Fig.  6  Mass  spectrum  of  Pb*. 


Consider  the  mass  resolving  power  and  beam  accep¬ 
tance  (8): 

=  /?/(!- tan  a)  (11) 

From  eqs.  (9),  (10)  and  (11).  we  can  get  the  results  For 
a  symmetric  magnet,  a  =  jS,.  «y  =  P^.  we  can  have: 

tan  o  +  tan  tty  =  1 .  (12) 

(a)  If  analyzing  the  magnet  system  without  considering 
the  extended  fringing  field,  a  =  ay.  /3  =  jSy.-  tan  a  = 

a  =  26°34',  I'l  =  <'2  =  27? 

(b)  For  our  magnet,  tan(a  -  i/<)  =  tan  Oy,-  \p  = 
(l^gu/RKI  +  sin^al/cos’a: 

{=1.8go.-  0  =  27  145°.,  if,  =  «f2  =  2.052/?, 
i=1.85g„,  0  =  27.149°,  i',  =  (^2  =  7.,056/?. 

The  second-order  aberration  of  the  magnet  was 
calculated  by  the  TRANSPORT  [9]  computer  program. 
The  results  of  the  experiment  and  calculation  show  that, 
if  the  ion  beam  radius  at  the  object  slit  is  1.04  mm  and 
the  beam  emittance  is  7.38  mm  mrad.  taking  the  sec¬ 
ond-order  aberration  effects  into  consideration,  a  is 
27.13°,  and  the  beam  radius  at  the  deflecting  plane  is 
1,08  mm  but  that  at  the  vertical  plane  1.31  mm.  The 
second-order  aberration  can  be  overcome  by  putting  a 
concave  curvature  with  radius  1443  mm  at  the  exit 
contour  of  the  magnet,  the  beam  radius  at  the  deflecting 
plane  will  be  1.08  mm  and  that  at  the  vertical  plane  will 
be  1.07  mm. 


3.  Results 

The  ion  beam  is  transported  with  high  efficiency 
through  a  19  m  long  beam  line.  The  typical  result  of  ion 
beams  for  Ar"*  at  630  keV  is  165  pA  near  the  object  slit, 
145  pA  near  the  image  slit  and  140  pA  at  the  target. 
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The  beam  transportation  efficiency  of  the  whole  ma¬ 
chine  is  over  85%.  The  good  beam  quality  and  the  high 
stability  of  all  the  p."wer  supplies  make  the  long  time 
stability  of  the  beam  better  than  100  (lA  ±  2,5%  per  71 
min,  at  630  keV,  .ecorded  by  an  X-  T-recorder.  Fig.  6  is 
the  mass  spectrum  of  Pb”^  with  the  beam  cur¬ 

rent  near  10  gA,  heavy  element  isotope  ion  implanu- 
tion  can  be  done.  The  beam  current  was  not  very  high 
on  the  target  because  we  used  the  Nielsen-type  ion 
source  and  the  extracting  beam  current  was  limited.  But 
the  implanter  was  also  designed  for  strong  beam  cur¬ 
rent,  even  up  to  1-3  mA. 
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Section  V.  Advanced  machine  technologies 

Ton  implantation  challenges  in  the  drive  towards  64  Mb  and  256  Mb 
memory  cell  type  devices  * 

Alan  D.  Giles 

Applied  Matena's,  Foundry  Lane,  Horsham,  West  Sussex  RHIi  SPY,,  UK 


Anton  van  der  Steege 

Philips  Components  Nijmegen,  Gersiweg  2,  65  ■14  AE  Nijmegen.  The  Netherlands 


Ion  impl"ntation  techniques  will  be  critical  in  the  production  of  evermore  complex  devices,  with  major  challenges  for  the  device 
designer  in  utilising  available  techniques  and  those  that  are  potentially  available.  Equally  difficult  challenges  face  the  equipment 
designer  in  judging  which  technologies  are  required  for  future  devices  and  welding  these  requirements  into  a  reliable,  production¬ 
worthy  fabrication  tool,  capable  of  meeting  or  exceeding  the  automation  and  up-time  expectations  of  the  wafer  fabrication  managers 
High  yield  and  consistent  performance  on  the  wafer  continue  to  be  paramount  This  paper  will  review  these  challenges  from  the 
equipment  suppliers’  viewpoint  and  in  particular  the  new  technology  needs  and  cost  of  ownership  issues 


1.  introduction 

Thi.s  conference  series  serves  as  a  unique  forum  for 
discussion  of  the  technological  issues  involved  in  the 
design,  manufacture  and  uttlisation  of  ion  implantation 
technology.  In  previous  meetings,  a  wide  variety  of 
issues  have  been  reviewed,  ranging  from  advanced  pro¬ 
cess  requirements  to  new  machine  technology  to  process 
and  yield  issues  such  as  particle  control  and  photoresist 
processing  [1-4],  The  goal  of  this  paper  is  to  step 
somewhat  beyond  the  direct  consideration  of  process 
performance  of  ion  implantation  systems  and  to  con¬ 
sider  the  special  challenges  of  reliability  and  autocnation 
in  advanced  IC  production  environments. 

2.  Technological  challenges 

Ion  unplantation  continues  to  be  driven  by  the  re¬ 
quirements  for  fabrication  of  ULSI  devices  with  feature 
sizes  in  the  range  of  0.3  to  0.5  gm.  In  addition  to  such 
process  concerns  as  particles  and  tight  dose  and  energy 
control,  another  major  force  is  the  steady  increase  in  the 
number  of  implant  steps  which  are  required  to  fabricate 
an  advanced  1C  device  The  shift  in  process  technology 
from  NMOS  for  64k  DR.^.VIs  to  twin-well  BiCMOS  for 
64M  DRAMs  has  brought  about  a  tripling  of  the  num¬ 
ber  of  implant  steps  (see  fig.  1). 

*  Invited  paper. 


In  addition,  the  energy  and  beam  current  range 
continues  to  expand  (see  fig.  2).  The  central  process 
range  of  “routine”  ion  implantation,  from  a  few  keV  to 
approximately  200  keV  in  energy  and  beam  currents 
ranging  from  a  few  gA  to  approximately  30  mA.  has 
recently  been  expanded  to  the  use  of  MeV  implanters 
for  DRAM  production  [4],  The  site  for  this  conference, 
the  University  of  Surrey,  has  been  the  source  of  much 
pioneering  work  in  extending  upwards  the  dose  and 
beam  current  capabilities  for  direct  fabrication  of  buried 
dielectric  layers.  This  conference  will  also  feature  work 
done  in  the  use  of  low-energy  (1  eV  to  approximately 
0.5  keV)  ions  for  deposition  and  formation  of  shallow 
junctions  [5,6], 

The  increased  complexity  of  the  topography  of  ad¬ 
vanced  1C  designs  lias  resulted  in  a  new  emphasis  on 
the  control  and  choice  of  beam  incidence  angle.  The 
need  to  fabricate  symmetric  junctions  for  self-aligned 
structures  such  as  source/ drains  and  emitters  has  driven 
the  shift  in  implant  incidence  angle  from  the  approxi¬ 
mately  1°  tilt,  which  was  characteristic  of  most  of  the 
processes  in  the  last  decade,  to  normal-incidence  onen- 
tations.  Recent  developments  in  the  use  of  high-angle 
( >  7°  tilt)  implantation  have  opened  the  exploration  of 
a  wide  range  of  applications  (see  fig.  3). 

The  critical  nature  of  process  and  yield  issues,  such 
as  control  of  surface  charging  effects  and  particle  levels, 
can  be  clearly  seen  in  the  increased  number  of  papers 
on  these  topics  which  are  in  these  proceedings.  Another 
measure  of  these  topics  is  the  number  of  times  an  issue 
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IS  the  focus  of  a  “users  group”  meeting,  such  as  the  issues,  the  areas  of  concern  in  the  use  of  ion  implanla- 

established  groups  in  Silicon  Valley  and  Europe.  As  lion  technology  in  IC  fabrication  includes  a  host  of 

indicated  in  fig  4  [7],  beyond  the  key  focus  on  charging  topics  with  relatively  even  emphasis 


ENERGY.,  E  (eV> 
Fig.  2.  Ion  beam  processing 
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3.  Reliability  and  automation 


Many  of  the  papers  in  this  conference  are  focused  on 
“technology  challenges”  in  the  process  performance 
area.  Perhaps  an  even  greater  challenge  facing  the  tm-- 
plant  equinment  manufacturer  is  the  need  to  meet  un¬ 
heralded  levels  of  equipment  reliability  in  the  coming 
decade.  It  is  worth  examining  the  background  to  this 
demand. 

It  IS  well  known  that  the  driving  force  behind  the 
growth  of  the  semiconductor  industry  has  been  its  abil¬ 
ity  to  maintain  costs  per  chip,  whilst  increasing  memory 
capacity  fourfold  with  each  new  generation  of  memory 
device.  This  has  been  achieved  by: 

(1)  shrinking  geometries  through  improved  lithography 
and  other  design  advances, 

(2)  increasing  yield  to  levels  in  excess  of  90%  on  some 
established  processes,  and 

(3)  increasing  wafer  size  up  to  200  mm  diameter. 

It  IS  unlikely  that  the  same  rate  of  economic  progress 
can  be  achieved  by  extrapolating  the  three  areas  above. 
New  areas  of  rapid  improvement  will  be  necessary  if  the 
economic  drive  to  technological  change  in  the  industry 
IS  to  be  maintained. 

One  such  area  is  equipment  utilisation.  For  ion 
implanters  utilisation  levels  of  around  50%  are  often 
reported  in  production  environments.  Increasing  these 
utili.sation  levels  to  80%  or  90%  would  have  huge  cost 
benefits  to  the  device  manufacturer  in  terms  of  .savings 
in  equipment  capital  and  running  costs  as  well  as  re¬ 
duced  clean-room  areas.  This  saving  may  be  the  critical 
area  which  will  make  64  Mb  DRAM  memory  and 
similar  technologies  viable  and  it  will  be  necessary  to 
substantially  improve  the  reliability  and  hence  the 
utilisation  of  equipment. 


■  Charging 

■  Reviews 

■  Dose  Control 
^  Meatlng/D.imege 

□  Particles 

■  Maintenance 
M  lll-V  Devices 

□  Range/Channeling 

E3  RTP 
n  Photoresists 
■  Contamination 
□  Measurement 
[Q]  Beam  Physics 

Meeting  Topics 

Fig.  4.  Oistnbution  of  meeting  lopics  for  the  Silicon  Valley  Implant  Users  Group  for  the  years  mid-1983  to  mid-1988 


Emitters, 

^Aitr^lt/nrfline  T^nni/antinnial  Imnlont 
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Beam  Incidence  Angle 

Fig  3.  Tilt  angle:  the  new  phase  space. 

Fig.  5  defines  up-time  and  reliability  based  on  SEMI 
standards  and  adapted  for  the  implant  situation.  The 
equipment  manufacturer  focuses  on  equipment  up-time, 
mean  time  between  failures  (MTBF)  and  mean  time  to 
repair  (MTTR)  whereas  the  fabrication  manager  con¬ 
centrates  on  all  the  factors  leading  to  improved  utilisa-- 
tion. 

Before  we  look  at  the  reliability  of  equipment  in 
detail  we  must  also  consider  other  changes  besides 
“proce  issues  which  will  have  an  impact  on  the 
reliability  challenge  over  the  next  five  years.  Fig.  6 
shows  some  of  the  general  trends  in  equipment  require¬ 
ments  from  1982  to  1994  when  production  of  64  Mb 
DRAM  devices  is  expected  to  commence. 

The  need  to  achieve  utilisation  levels  of  80%  to  90% 
in  1994  dictates  tough  equipment  reliability  challenges 
and  these  are  outlined  in  the  road  map  shown  in  fig.  7. 

At  present,  mean  time  between  failures  (MTBF)  is 
typically  between  50  and  100  hours  on  production  ion 
implant  systems.  This  dnves  equipment-dependent  up¬ 
times  in  the  area  of  80-90%.  Availability,  which  allows 
for  down-time  due  to  facilities,  engineering  and  equip- 


V.  MACHINES 


382 


A  D.  Giles,  A.  van  der  Sleege  /  64  Mb  and  256  Mb  memory  cell  type  devices 


Uptime 


1 


Reliability 


1 


A.  Totil  Avdltbl*  Hours  ■ 

leSNourr/WMfcrMKMm 

B.  Equipnwnt  Uplims  > 
lea-  EaulomtntDT 

1U 


A  Mtsn  Tims  Bsiwssn  Fsllurs  (MTBF) 

B.  Mstn  Tims  Bslistsn  Assist  (MTBA) 

thmiPrvtwIngiWMli 

AultlirWt0k 


C.  Avsilsbillly  (%)  3 
168  •  (Fsdl/Hss  DT* 

Eaot  or  tEnaPT*  Situn/Tssr  DT) 
168 


xtOO 


C.  Mssn  Tims  To  Rspsir  (MTTR) 

Eautomtnl  Downllm»/Wtnk 
F$lhirttrAfnk 


D.  Utlll<sllon(%)3 

iS»-(FMeHHIt*OT*EqplDT*EngOT* 

SslunTbsl  or  ♦  Pndudlon  SItndbv  Tims) 

168 

Fig.  5.  Definition  of  terms 


ment  requahfication,  is  typically  5%  lower  at  the  75-85% 
level.  The  unpredictability  of  machine  availability  forces 
the  device  manufacturer  to  have  some  redundancy  in 
his  capacity  planning.  This  leads  to  reduced  levels  of 
production  efficiency  with  which  he  can  use  his  ma¬ 
chines  and  an  upper  limit  of  approximately  70%  is 


typical.  This  drives  utilisation  levels  in  the  40-60% 
range. 

Given  an  equipment  MTBF  capability  of  100  hours 
It  is  necessary  to  install  a  vigorous  system  management 
regime  to  maintain  high  availability  levels.  This  is  il¬ 
lustrated  schematically  in  fig.  8.  Failure  to  provide 
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Fig.  6.  Semiconductor  manufactunng  equipment  reliability  (increasing  application  and  feature  complexity). 
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Fig.  7.  Equipment  reliability  challenges 


adequate  documentation  or  spare  parts  can  be  equally 
disastrous  to  equipment  availability  levels  as  a  modest 
decitne  in  MTBF.  This  is  of  cour'-  true  of  any  given 
level  of  MTBF  for  a  machine  and  as  it  may  be  argued 
that  only  marginal  improvement  in  MTBF  can  be  ob¬ 
tained  with  any  particular  design  of  machine,  in  the 
short  term  focus  should  be  on  system  management 
improvement  opportunities. 

However,  failure  to  focus  on  MTBF  issues  will  lead 
the  equipment  manufacturer  down  a  blind  alley.  The 
main  way  to  improve  reliability  and  therefore  lower  the 
cost  of  ownership  is  to  prevent  the  machine  failing.  As 
this  IS  achieved  the  requirement  for  other  system 
management  factors  will  become  relatively  less  im¬ 
portant 

We  can  see  in  fig.  7  that  over  the  next  five  years  the 
challenge  is  to  achieve  utilisation  levels  as  high  as  90%. 
This  dramatic  doubling  of  the  present  utilisation  levels 
will  be  needed  if  the  continuing  cost  performance  ratio 


for  memory  devices  is  lO  be  maintained.  Looking  at 
other  industries  it  is  also  clear  that  the  present  level  of 
equipment  availability  is  not  acceptable  for  a  mature 
industry  and  that  higher  utilisation  and  therefore  relia¬ 
bility  levels  are  inevitable  and  the  only  question  is  how 
these  can  be  made  economically  viable. 

MTBF  requirements  exceeding  500  hours  and  MTTR 
of  less  than  one  hour  drive  a  whole  new  set  of  chal¬ 
lenges,  especially  when  considered  against  the  backdrop 
of  increasing  system  design  complexities  and  automa¬ 
tion.  Common  tools  used  by  equipment  designers  in-, 
elude  the  following: 

(1)  System  modelling.  Fig.  9  shows  a  modular  approach 
to  reliability  modelling  where  a  total  MTBF  in 
excess  of  500  hours  is  stipulated  with  scheduled 
maintenance  of  less  than  5%.  This  dictates  design 
parameters  for  each  module  in  terms  of  reliability. 
Although  some  of  these  MTBF  numbers  seem  ex-- 
traordinarily  high,  they  are  necessary  if  future  de¬ 
vices  are  to  be  economically  viable.  Hence  the  sys¬ 
tem  designer  may  be  forced  to  use  redundancy  or 
very  specific  preventive  maintenance  schedules  as  is 
common  practice  in  the  a'rcraft  industry 

(2)  Continuous  improvement  programmes.  Close  custo¬ 
mer  relationships  are  needed  to  effectively  feed 
back  reliability  problems  to  the  manufacturer  in  i 
digestable  fashion.  Root-cause  analysis  and  a  subse¬ 
quent  maintenance  procedure  change  or  design 
change  are  required  to  close  the  loop.  All  manufac¬ 
turers  have  such  programmes  and  the  issue  is  how 
can  they  be  made  more  effective.  Pareto  charts  (fig. 
10)  are  commonly  used  to  give  rank  priority  to 
reliability  issues  and  these  are  based  on  accurate 
customer  feedback. 

Undoubtedly  500  h  MTBF  systems  will  be  devel¬ 
oped  if  they  are  economically  feasible,  both  for  the 
semiconductor  device  manufacturer  and  the  equipment 
manufacturer.  Unfortunately,  to  date,  implant  equip- 
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Fig  9  Reliability  model  PI9700. 


merit  manufacturers  have  not  enjoyed  a  universally  suc¬ 
cessful  profitability  track  record.  It  is  also  not  clear 
what  costs  will  be  involved  in  creating  a  500  h  MTBF 
tool  which  has  the  self-diagnosis  capability  to  allow  an 
MTTR  of  less  than  1  h,  coupled  with  the  spare-parts 
investment  and  logistics  to  allow  any  repair  to  take 
place  in  that  time  frame.  Yet  it  is  clear  that  just  the 
reliability  challenges  set  out  for  the  next  five  years  will 
require  significant  investment  and  change. 

4.  Conclusion 

TWs  paper  has  set  out  some  of  the  process  perfor¬ 
mance  challenges  faced  by  the  implant  community.  It 


has  also  focused  on  the  significant  reliability  challenge 
faced  by  the  equipment  manufacturer  driven  by  the 
need  of  the  industry  to  increase  utilisation  levels  to 
remain  viable.  It  is  evident  that  the  equipment  supplier 
and  user  will  need  to  work  together  in  closer  partner¬ 
ship  if  we  are  to  succeed  in  the  development  of  more 
automated  yet  more  reliable  ion  implant  systems.  The 
trade-offs  in  terms  of  initial  capital  cost,  operating  cost 
and  reliability  will  need  to  be  understood  by  both 
parties.  One  scenario  is  that  a  higher  capital  cost  system 
but  with  dramatically  improved  reliability  will  show 
huge  cost-of-ownership  savings.  The  details  of  this 
equation  need  to  be  well  tested  and  accepted  by  both 
user  and  manufacturer. 

One  final  concern  is  over  another  partnership  or  lack 
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1990. 


of  It.  Until  now  the  major  western  government-spon-' 
sored  groups,  at  least,  such  as  Sematech  and  JESSI, 
have  seen  ton  implantation  as  a  mature  and  iclatively 
unchallenging  sector  of  the  semiconductor  processing 
field.  The  number  and  range  of  challenges  presented  at 


this  conference  suggest  that  this  attitude  is  a  mistake 
and  we,  as  a  group,  should  lobby  to  rectify  this  ill-in- 
formed  conclusion. 
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A  retrospective  leview  of  the  development  of  ion  implantation  equipment  in  the  USSR  is  presented  and  modern  design 
philosophies  are  highlighted.  The  mam  developments  made  by  Soviet  scientists  in  the  field  of  ion  implantation  over  the  past  30  years 
are  reviewed 


1.  Introduction 

Ion  implantation  into  semiconductors  started  to  de¬ 
velop  in  the  USSR,  as  in  some  developed  western 
countries,  in  the  50s  and  early  60s.  It  has  its  origin  in 
semiconductor  physics  and  physics  of  atomic'  collisions 
in  solids.  In  1952  at  the  Leningrad  Physico-Technical 
Institute,  M,M  Bredov  observed  the  change  of  the 
conductance  type  in  p-type  germanium  upon  Li*  ion 
irradiation.  In  1961  at  the  ion  bombardment  laboratory 
of  the  Kurchatov  Institute  of  Atomic  Energy,  V.M, 
Gusev  and  M.l  Guseva  obtained  p-n  juctions  with 
good  rectification  properties  when  irradiating  silicon 
with  ions  of  111  and  V  group  elements  These  and 
subsequent  works  demonstrated  the  possibility  of  intro¬ 
ducing  ion  implantation  into  semiconductor  device 
technology  which  called,  in  its  turn,  for  development  of 
appropriate  industrial  equipment. 

Ion  implantation  technology  was  first  extended  to 
the  high-volume  production  of  switching  pin-diodes, 
solar  cells  and  bipolar  transistors.  These  devices  are 
distinguished  by  the  pre.sence  of  highly  doped  n-  and 
p-layers.  Hence,  the  first  generation  of  .mplanters 
brought  to  the  commercial  level  in  1966  features  com-; 
paratively  high  ion  currents  (up  to  10  niA)  and  an 
energy  up  to  100  keV.  The  machines  of  ihii.  series, 
namely,  “ILU-l”,.  “ILU-2”..  “ILU-3",  developed  at  the 
Kurchatov  Institute  afforded  high-efficiency  implanta¬ 
tion  of  a  wide  variety  of  lor  s.  By  way  of  example,  in 
solar  cell  production  the  capacity  of  the  “ILU-2”  ma¬ 
chine  equipped  with  a  conveyer-type  sample  holder 
system  reached  0.5  m^  per  1(K)  min. 

The  ILU-machines  belong  to  the  first  generation  of 
Soviet-developed  implaniers.  Among  these  are  also 
Vesuvius  machines  developed  at  the  Vacuum  Institute 

*  Invited  paper. 


by  V.A.  Simonov  and  coworkers.  The  Vesuvius-1  ma-. 
chine  produced  in  1969  showed  the  following  parame¬ 
ters;  ion  current  up  to  100  pA,  ion  energy  up  to  200 
keV,.  nonuniformity  and  nonreproducibility  of  dose 
<  2.56%.  ma.ss  resolution  A//AA/  >  100  and  an  electro¬ 
static  scanning  system. 


2.  Commercial  ion  implantation  machines 

The  design  and  production  of  ion  implantation  ma¬ 
chines  in  the  USSR  passed  through  four  generations  of 
machines  classified  into  three  groups  according  to  appli¬ 
cation:  (1)  low-dose  (medium-current)  machines,  (2) 
high-current  machines,  and  (3)  high-energy  machines. 
The  .succession  of  generations  is  most  fully  represented 
by  the  Vesuvius  accelerators  which  dominated  the  Soviet 
market  for  almost  20  years. 

Hundreds  of  Vesuvius  machines  are  now  operating 
in  the  USSR  (table  1)  [1].  The  table  illustrates  the 
evolution  of  commercial  implanters.  For  many  years 
Vesuvius-3  was  the  most  popular  among  low-dose  ma¬ 
chines.  It  IS  a  double  target  chamber  with  a  mechanical 
scanning  system  of  the  drum  type  and  electrostatic 
scanning.  Developed  in  1974,  this  machine  provided  an 
efficiency  up  to  300  wafers  per  hour  from  1 .5  m  to  4  in. 
in  diameter  with  sufficiently  low  nonuniformity  of  dose 
(2%)  and  an  energy  of  150  keV.  Boron,  phosphorus  and 
arsenic  ion  currents  reached  1  mA. 

For  quite  a  time  in  th*"  fiela  of  high  current  machines 
the  mam  emphasis  was  on  plants  with  combined  mecha¬ 
nical  and  electromagnetic  scanning.  The  Vesuvius-4  and 
Vcsuvius-8  iiiachiiies  of  the  70s  and  their  versions  were 
produced  with  beam  post-acceleration  and  a  high-volt¬ 
age  target  chamber. 

The  mam  trend  in  the  development  of  Soviet  ion 
implantation  equipment  was  to  smaller  size  and  higher 
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Fig  1  Schematic  diagram  of  the  Vesuvius- 17  machine:  (1)  ion 
source,  (2)  analyzing  magnet.  (3)  accelerated  tube,  (4)  deflec¬ 
tion  and  scanning  system:  (5)  quadrupole  lens,  (6)  wafer,  (7) 
load/unload  system,  (8)  vacuum  lead  lock  system,  (9)  higli 
voltage  power  supplies  and  control  blocks,  and  (10)  control 
cabinet  of  the  target  chamber 

efficiency.  In  the  last  decade  the  efforts  have  been 
concentrated  on  the  qualitative  parameters,  namely, 
doping  uniformity,  full  automatization,  lower  particle 
contamination.  The  modem  Sovtet-Czechoslovak  Vikhr 
high-current  machine  utilizes  nine  locally  distributed 
notse-immune  microprocessors.  Nine  6  in.  vafers  are 
mounted  onto  a  spinning  disk  and  two-coordinate 
mechanical  scanning  ensures  an  efficiency  of  100  wafers 
per  hour  at  a  dose  of  6x10'*  cm'^.  The  particle 
contamination  is  0.15  particles  per  cm^  at  a  particle 
diameter  less  than  0.25  (im.  the  doping  nonuniformity 
being  <  0,75%.  The  cryogenic  high  vacuum  pumping 
system,  and  the  compatibility  with  dean  rooms  of  class 
10  enable  the  Vikhr  machi  ''  to  be  used  in  the  techno¬ 
logical  process  of  the  production  of  1-4  Mbit  VLSI. 


The  Vesuvius-17  medium  current  machine  is  desig¬ 
ned  for  implantation  of  VLSI,  ultrahigh  speed  1C  and 
ULSI.  This  fully  automatic  unit  affords  implantation  of 
10-200  keV  B"^,.  P'^  As^  ions  al  a  maximum  ion 
current  of  3  mA.  Each  1.50  mm  wafer  is  alternately 
treated  in  one  of  the  two  chambers  with  an  electrostatic' 
deflection  and  scanning  system.  Wafers  are  loaded  and 
unloaded  in  a  vacuum  from  cassettes  coming  into  the 
chamber  through  a  vacuum  lock.  This  enables  the  par¬ 
ticle  contamination  to  be  lowered  and  the  efficiency  to 
be  increased  to  300  wafers  per  hour.  The  Vesuvius-17 
machine  schematic  is  shown  in  fig.  1.  Commercial  pro¬ 
duction  is  planned  lor  1991. 


o.  Special-purpose  implanters 

i.!.  High-energy  machines  for  ton  implantation 

The  Vesuvius-9  high-energy  machine  for  ion  implan¬ 
tation  was  developed  in  1980.  In  this  machine  both  the 
ion  source  and  the  target  chamber  are  at  a  high  poten¬ 
tial  whilst  the  mid-point  of  the  accelerator  is  at  ground 
potential.  This  permits  obtaining  600  keV  singly  charged 
ions,  1200  keV  doubly  charged  ions  and  1800  keV  triply 
charged  ions  at  a  maximum  power  supply  voltage  of 
300  kV.  One  of  the  Vesuvitis-9  versions  had  a  capacity 
up  to  2.1  meV  at  a  total  accelerating  voltage  of  700  kV 
and  generated  ion  currents  up  to  1  mA  and  P^"* 
ion  currents  up  to  300  pA.  The  machine  employed 
two-stage  acceleration,  two-coordinate  mechanical  scan¬ 
ning  of  the  sample  holder  and  a  Makov-iype  ion  source. 
The  large  size  prevented  extension  of  the  machine  to 


Table  1 

Ion  implanters  of  the  “Vesuvius"  family 


Model 

name 

Year 

of 

issue 

Ion  energy 
IkeV] 

Ion  current 
(mA) 

P^,As^ 

Wafer 

diameter 

(m) 

Nonuniformity 
and  nonreprodu- 
cibility  of 
dose  [%] 

Maximal 

productivity 

(wafers/h) 

Vesuvius-l 

1969 

10-  200 

0.2 

03 

2,3 

2 

50 

Vesuvius-2 

1972 

15-  150 

02 

0.5 

2.3 

4 

50 

Vesuvius-3 

1974 

L/« 

1 

LA 

o 

0.3 

0.9 

2,3.4 

2 

50 

Vesuvius-4M 

1974 

15-  100 

1.0 

2.0 

2.3 

4 

100-300 

Vesuvius-5 

1976 

15-  140 

I.O 

2.0 

3,4 

4 

40 

Vesuvius-7M 

1978 

IS-  100 

03 

0.3 

3,4 

1  5 

40 

Vesuvius-8M 

1981 

V.-  100 

20 

5.0 

3,4 

2 

200 

Vesuvius-9  • 

1980 

100-  1500 

0.3 

08 

2,3.4 

2 

80 

Vesuvius-12M 

1985 

10-  100 

2.0 

50 

4,5 

1  5 

20 

V'c5uviu&-13M 

1984 

10-  200 

1.0 

1.2 

4,5 

1 

50 

Vesuvius-1 5  * 

1987 

20-  600 

0.5 

1.0 

4,5,6 

1 

200 

Vikhr 

1989 

10-  200 

3.0 

80 

4,5,6 

0  75 

50-200 

Vesuvius-17 

1990 

10-  200 

2.0 

3.0 

4, 5,6,8 

0  75 

120 

*  Doubly  and  tnply  charged  ions  are  used. 
’’  Commercially  available  from  1991. 
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Fig.  2.  Component  layout  of  the  UKP-2-1  machine:  (1)  high- 
voltage  structure,  (2)  injector  1,.  (3)  injector  2,  (4)  neutralizer, 
(5)  Faraday  cup,  (6)  quadrupole  doublet.  (7)  analyzing  magnet. 
(8)  electrostatic  scanner,  and  (9,10)  target  cht  r.ibers 


high-volume  production  Now  its  small-size  prototype, 
600  keV  Vesuvius-15.  comes  in  two  versions:  for  A'" 
and  B''  doping  with  controlled  heating  of  3-in.  and  4-in. 
wafers,  and  for  doping  4-in.  and  5-in.  silicon  wafers 
with  the  use  of  cooling.  The  high  vacuum  pumping 
using  turbomolecular  pumps,  triple  beam  “separation” 
by  means  of  distnbuteJ  mass-separators,  a  special  target 
chamber  with  horizontal  transport  and  wafer  clamping 
and  the  possibility  of  operation  over  a  wide  range  of  ion 
ma.ss  and  energy  make  Vesuvius-15  an  all-purpose  ma¬ 
chine  for  ultrahigh  speed  IC  fabrication. 

The  development  of  the  high-energy  Vesuvius-19 
machine  is  being  completed  at  Vakuumashpribor  Scien¬ 
tific'  Industrial  Corporation.  It  is  designed  in  two  ver¬ 
sions:  (a)  with  linear  ion  acceleration,  employing  a 
small-size  high-voltage  terminal  (up  to  1.5  MV)  isolated 
by  compressed  gas  (SF^,).  (b)  with  rf  linear  ion  accelera¬ 
tion  up  to  4  MeV.: 

In  1989  the  UKP-2-1  high-energy  machine  designed 
at  the  Efremov  Research  Institute  of  Electrical  and 
Phy.sical  Equipment  (Leningrad)  was  put  into  operation 
at  the  Alma-Ata  Institute  of  Nuclear  Physics.  This 
tandem-type  heavy  ion  accelerator  features  the  follow-- 
ing  parameters' 

Ion  energy  (single-charge);  0.4-2,0  MeV 

Energy  stability:  0.05% 

Beam  current.  up  to  50  gA 

Ion  mass  range-  1-250  amu. 

The  accelerator  is  shown  schematically  in  fig.  2.  Two 
acceleration  tracks  based  on  a  single  high-voltage  power 
supply  enable  both  separate  and  simultaneous  implan¬ 
tation  of  ions  into  the  target.  Moreover,  the  system 
allows  concurrent  implantation  of  heavy  ions  and  anal¬ 
ysis  in  the  Rutherford  backscattering  mode. 

Table  2  lists  some  parameters  of  ion  beams  produced 
by  this  accelerator 

R&O  in  the  field  of  ion  implantation  at  very  high 
energies  is  being  carried  out  on  the  accelerator  of  the 
International  Joint  Institute  of  Nuclear  Research  in 
Dubna.  Experiments  with  ion  energies  from  ten  to 
hundreds  of  mega-electronvolts  are  being  carried  out  as 


a  cooperative  endeavor  between  specialists  in  material 
science  and  specialists  in  nuclear  physics 

At  the  Obninsk  Physico- Energetic  Institute  the  ex¬ 
periments  on  heavy-ion  implantation  are  performed  on 
an  accelerator  with  an  ion  energy  up  to  5  Mev. 

The  Priz-SOO  small-srze  high-voltage  vertical  acceler¬ 
ator  was  developed  at  the  Institute  of  Nuclear  Phy,sics 
of  the  Siberian  Branch  of  the  USSR  Academy  of  Scien¬ 
ces  in  the  second  half  of  the  80s.  It  is  designed  for 
proton  implantation  at  a  H  *  beam  current  of  0  1  mA 
and  IS  used  for  proton  induced  isolation  of  gallium- 
arsenide  based  IC  devices. 

The  LUl-700  machine  was  also  designed  at  the  In¬ 
stitute  of  Nuclear  Physics  in  1987-1989  for  700  keV  B"^., 
P%  As'^  ion  implantation  at  an  ion  current  of  0.5  mA. 

3  2.  Analytical  machines 

As  in  the  countries  with  advanced  R&D  in  nuclear 
physics,  the  first  analytical  works  in  the  USSR  using 
high-energy  ion  beams  were  performed  on  vertical  elec¬ 
trostatic  Van  de  Graaff  accelerators  At  present  such 
analytical  centres  are  run  at  the  Moscow  Institute  of 
Nuclear  Research,  at  the  Institute  of  Nuclear  Physics  of 
the  Moscow  State  University,  at  the  Kharkov  Physico- 
Technical  Institute  of  the  Ukraine  Academy  of  Sciences 
and  at  the  Tomsk  State  University.  In  the  middle  of  the 
80s  the  Sokol-3  analytical  complex  was  developed  at  the 
Kharkov  Physico-Technical  Institute  employing  a  hori-- 
zontal  electrostatic  accelerator.  The  main  technical 
characteristics  of  the  machine  are  as  follows: 

(1)  Ion  energy:  0.,3-2.0  MeV 

(2)  Beam  energy 

homogeneity  A £■/£'.  <  0  04% 


Table  2 

Ion  beam  currents  for  1  MV  terminal  voltage  (UKP-2-1) 


Injected 

particles 

Ion 

species 

Beam 

current 

[mA] 

Energy 

[MeV] 

H. 

nr 

54 

2.0 

“He" 

“He^ 

1  7 

1.0 

0.04 

20 

12^.f 

0.5 

20 

.60 

160  + 

3.9 

2.0 

16o26 

3.1 

3.0 

''’o’* 

0  06 

4.0 

“"Ar" 

“"Ar* 

1  8 

1.0 

“"Ar’* 

0.1 

2.0 

“"Ar’* 

0  02 

3.0 

"'Cu"  +“Cu^ 

"’CuV^'Cu-* 

2  2/0.5 

2.0 

"’Cu’V^Uu’* 

2  8/0.5 

30 

“Cu’V“Cu’* 

04/0.05 

4.0 

'”TaO" 

"’Cu“*/*’’Cu“* 

0  004/- 

50 

""Ta* 

0.09 

2.0 
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(3)  Ion  current.  1  X  10  ’-50  (lA 

(4)  Ion  type.  H  D  ^‘'He  \  ''He* ' 

(5)  Beam  current  stability:  5-7% 

(6)  Gas  pressure  in  the  tank:  5  atm 

This  machine  made  it  possible  to  apply  the  tech¬ 
niques  of  Rutherford  back.scattering  with  channeling, 
nuclear  resonance  reactions  and  proton  induced  X-ray 
emission.  Several  machines  are  now  operating  in  in-- 
dustry  and  at  the  Institutes  of  the  USSR  Academy  of 
Sciences. 

.I.J.  Ulirahiffh-current  machines 

Ultrahigh-current  machines  arc  designed  for  ion 
svnthesis  of  materials  and,  in  particular,,  for  fabrication 
of  buried  isolated  layers  in  silicon  when  producing 
silicon-on-msulator  structures.  Among  these  is  the 
Vesuvius-20  machine.  Its  main  technical  characteristics 
are  listed  below: 


(1)  Ion  type' 

N  *  and  O* 

(2)  Ion  energy: 

up  to  300  keV 

(3)  Ion  beam  current. 

up  to  200  niA 

(4)  Nonuniformily  and 
nonreproducibility 
of  dose: 

<  5% 

(5)  Target  temperature  range 
upon  irradiation 

100  800  °C 

(6)  Taiget  temperature 
maintenance 

±5°C 

An  UHF  ion  .source  and  a  magnetron-type  ion  source 
with  a  rhenium  cathode  have  been  designed  for  the 
Vesuvius-20  machine  Mass-production  is  planned  for 
1992. 

The  Implant-500  and  Quart/,  ultrahigli  current  ma-. 
chines  have  been  developed  at  the  Leningrad  Institute 
of  F.lectrophysicai  Apparatu.ses  on  the  basis  of  high- 
\oltage  air-insulated  accelerators  The  main  characteris¬ 
tics  of  the  machines  are  as  follows. 

linplant-500  Quartz 

(1)  Energy  [keV]  50-500  100-250 

(2)  Beam  current  [mA]'  0.05-5  10-100 

(3)  Ion  mass  [amuj  1-200  1-32 

}.4.  Hij^h-currenl  low-energy  machines 

Along  with  the  conventional  designs  of  ion  accelera¬ 
tors,  novel  implanters  are  being  developed.  Arnong  them 
are  three  types  of  machine  distinguished  by  the  absence 
of  ion  separation. 

The  Granat  puLsed  ion  implantation  machine  has 
evolved  from  collaboration  between  the  Moscow  Tech- 
nico-Physical  Institute,  the  Elkor  enterprise,  the  Vaku- 
umashpribor  scientific  industrial  corporation  and  the 
Saratov  Elmash  industrial  comoration  (fig.  3).  The  mac¬ 
hine  is  intended  for  implantation  of  low  and  medium 
ion  do.ses  into  semiconductors  and  other  materials. 


Fig.  3  Schematic  diagram  of  the  Granat  machine  (1)  la.ser.  (2) 
vacuum  chamber,  (3)  optical  system.  (4)  target,  (5)  movable 
target  stage.  (6)  control  lystem  formation  of  target  stage.  (7) 
ionization  chamber,  (8)  grid,  (9)  acceleration  tube.  (10)  wafer 
holder,  (11)  dose  control  svsiem.  and  '  1 2)  vacuum  chamber 

The  Granat  machine  utilizes  a  laser-plasma  ion 
source  that  affords  evaporation  and  ionization  of  any 
solid  material  (Sb.  As.  .M,  Ta.  Cr.  etc.).  The  noncon¬ 
taminating  nature  of  la.ser  radiation  and  purity  of  the 
target  materials  to  be  doped  eliminates  the  need  for  an 
ion  beam  separation  .system.  The  design  of  the  ion 
source  also  enables  high-homogeneity  implantation  over 
a  large  area  without  using  an  ion  beam  .scanning  system. 
This  IS  a  single-wafer  machine  which  can  be  operated  in 
manual  and  automatic’  modes  It  may  be  used  to  obtain 
specified  properties  in  solid  state  materials  used  in 
micrcselectronics  technology  and  as  a  R&D  machine  in 
other  fields 

The  powerful  pulse  of  laser  radiation  is  focu.sed  on  a 
target  made  of  doping  material  The  latter  evaporates  to 
dis.scx'iate  into  ions  This  laser  generated  plasma  then 
expands  in  the  .st.urce  region.  The  system  of  ion  beam 
generation  and  acceleration  divides  the  laser  plasma 
into  the  ion  and  electron  components  to  form  a  slightly 
divergent  ion  beam  and  accelerates  it  to  the  required 
energy.  Samples  are  continuously  fed  into  the  implanta¬ 
tion  zone  via  the  single  wafei  handling  system. 
Technical  characteristics: 

Ion  energy:  10-40  keV 

Medium  ion  current’  100-300  pA 
Implantation 

nonuniformity.  4% 

Diameter  of  doped 

wafers:  up  to  100,  125,  150  mm 

Capacity  at  a  dcse  of 

1  X  lO''*  ciii  ^  80  wafers/h 

Limiting  residual 
pressure  in  the 

working  chamber:  2.5  x  10’  ^  Pa 

Pumping  .system:  oil-free 

Overall  dimensions:  1800  x  900  X  2300  mm-’ 

Weight:  1800  kg 
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The  Titan  machine  has  been  developed  at  the  In¬ 
stitute  of  High-Current  Electronics  of  the  Siberian 
Branch  of  the  USSR  Academy  of  Sciences  from  a  pulse 
source  generating  different  gas  ions  and  ions  of  any 
conducting  materials  (metals,  alloys,  etc.). 

The  operation  principle  of  the  machine  is  based  on 
simultaneous  or  sequential  ignition  of  two  forms  of  arc 
discharge  with  a  common  hollow  anode.  A  constricted 
arc  discharge  with  a  cold  cathode  ensured  the  gas  ion 
current  component  and  initiates  a  vacuum  arc  which  is 
a  solid  state  ion  source.  This  means  that  two-component 
’on  flow  generation  is  feasible. 

Main  parameters  of  the  Titan  source: 


Accelerating  voltage: 

20-100  kV 

Gas  ion  current: 

up  to  250  mA 

Solids  ton  current: 

up  to  500  mA 

Pulse  duration: 

400  ps 

Pulse  frequency 

up  to  50  s  ' 

Beam  size: 

250  cm 

Nonuniformity  of  ion 

current  density: 

no  more  than  -i- 15% 

Time  of  continuous 

operation  with  the 

.same  cathode: 

35  h 

Lifetime  with  gas  ions. 

100  h 

Time  to  reach  a  dose 

of  10'^  lon/cm*' 

10-20  min 

The  Vita  ion  plasma  machine  has  been  designed  at 
the  Kurchatov  Institute.  Its  vacuum  chamber  houses  a 
low  energy  lun  plating  system  (IPS)  and  a  low  energy 
ion  implantation  system  (IIS).  This  combination  makes 
possible  different  technological  operations: 

-  Plasma  beam  cleaning  of  surface  areas 

-  Layer  deposition. 

-  40  keV  ion  implantation. 

-  A  combination  of  these  operations. 

Technical  charactenstics  of  the  Vita  machine: 

Implanted  40  keV  ions:’  He^.  Ar*.,.  Kr%  Xe^.,.  N*^., 
CO\  0\..  BF%  Mg%  Ca*,  Si*,  Al*,  P*,  Cu*, 
Cs*..  S*,  Zn*,  Ge*,  Pd*,  Cd*,  In*,,,  Ag*.,  Sn*, 
Yb*..  Au*,  Pb* 

Energy  of  implanted  ions  of 

-  the  IIS:  up  to  40  keV 

-  IPS  (Ar,  N,:  Xe).  from  250  to  400  eV 


Total  ion  beam  current 

-  IIS: 

-  IPS: 

Beam  size: 


from  5  to  20  mA 
from  1  to  2.5  A 
150  X  200  mm^ 


3.5.  Ion  projection  lithography  machine 

The  ion  projection  lithography  machine  is  being 
devised  at  the  Vakuumashpribor  scientific  industrial 
corporation  for  application  in  short-cut  resistless  VLSI 
technology  (fig.  4). 


Fig.  4.  Schematic'  diagram  of  the  ion  projection  lithography 
machine-  (1)  ion  source.  (2)  extraction  .system,  (3)  lenses,  (4) 
analyzing  magnet.  (S)  slit.  (6)  condenser  lens,  (7)  silicon  stencil 
mask.  (8)  projected  lens.  (9)  alignment  .system.  (10)  wafer,  and 
(11)  wafer  stage. 


The  design  utilizes  original  designs  of  all  the  key  ele¬ 
ments,  namely: 

-  Ion  optical  system, 

-  High  brightness  sources  for  different  types  of  ions; 

-  Design  and  technology  of  reticles  with  high  ion  ero¬ 
sion  resistance: 

-  Image  alignment  system, 

-  Image  correction  system. 

The  machine  features  the  following  parameters: 

-  Scale  of  image  transfer  from  3.1  to  10 . 1: 

-  0.2  prn  resolution  over  an  area  of  10  x  10  inm^; 

-  liquid  metal  sources  with  needle  electrodes  made 
from  tungsten,  boron  nitride  and  glassy  carbon  pro¬ 
duce  B*,  P*,:  Pt*,  etc.  with  an  ton  beam  current  in 
the  range  5-60  pA, 

-  duoplasmatron  ion  sources  produce  inert  gas  ions, 
N*.  H*  with  an  ion  current  up  to  100  pA. 

Recticle  parameters: 


thickness: 

size  of  reticle  field: 

minimum  hole  size: 

accuracy  of  pattern 

registration: 

ion  erosion  resistance 

of  reticles: 


0.2-4.5  pm 
up  to  45  X  45  mm 
1  pm 

<  0.15  pm 


lO”  ion/cm^ 


Along  with  Its  application  to  resistless  technology, 
i.e.  direct  ton  implantation  through  the  mask,  this  ma- 
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Fig  5  (d)  Scheme  of  (he  long-range  effect  of  ion  implantation  (b)  Spectral  dependence  of  photoconductivity  current:  (1)  teference 

sample;  (2)  P  ‘  ions  implanted  from  the  back  side  of  the  sample 


chine  can  be  used  to  advantage  in  the  lithography 
processes  on  different  types  of  resists  including  “dry” 
resists. 


4.  Contribution  of  Soviet  scientists  to  the  art  of  ion 
implantation 

The  achievements  in  ton  implantation  machine  de¬ 
velopment  as  well  as  the  high  level  of  knowledge  in  the 
field  of  .solid  slate  physics  and  materials  science  have 
enabled  Soviet  .scientists  to  make  a  significant  contribu¬ 
tion  to  the  understanding  of  the  processes  related  to  ton 
implantation  into  solids. 

Besides  the  aforementioned  pioneering  works  done 
in  the  area  of  ion  implantation,  the  results  obtained  in 
different  scientific  institutions  of  the  USSR  rank  among 
the  most  remarkable.  Some  of  the  results  are  the  follow¬ 
ing, 

The  possibility.-  in  principle,  of  synthesizing  new 
pha.ses  containing  irradiated  target  atoms  and  im¬ 
planted  atoms  was  demonstrated  in  1961  (2).  Semicon¬ 
ductor  cadmium  telluride  compound  was  .synthesized  in 


1967  [3).  Tellurium  films  0.1  pm  thick  were  irradiated 
with  5-15  keV  cadmium  ions  at  a  dose  of  2  x  10'*  ions 
cm^.  High-energy  electron  diffraction  analysis  and  pho¬ 
toconductivity  measurements  point  unambiguously  to 
formation  of  CdTe 

Consistent  investigations  of  the  mechanism  of  accel-. 
crated  ion-solid  interactions  have  led  to  the  develop¬ 
ment  of  the  physical  models  of  the  formation  of  ran¬ 
domly  damaged  regions  and  damaged  surface  layers  [4]. 
The  models  are  based  on  the  idea  of  vacancy- intersti¬ 
tial  space  separation  which  provides  accumulation  of 
defects  of  one  type  to  concentrations  required  to  change 
the  single  crystal  to  the  amorphous  state.  In  the  oppo¬ 
site  ca.se  annihilation  of  defects  results  in  saturation  of 
the  defect  accumulation  process  at  low  concentrations. 

In  1973  the  studies  of  silicon  arriorphization  revealed 
that  epitaxial  recrystallizaiion  occurs  under  certain  con¬ 
ditions  when  the  dose  of  silicon(lll)  irradiation  is  in¬ 
creased  above  the  critical  amorphization  value  [5].  It 
was  particularly  shown  that  at  room  temperature  the 
effect  of  epitaxial  recrysialhzation  of  Si(lII)  is  observed 
upon  ion  irradiation  at  doses  >  lO"’  ions/enr  and 
ion  current  densities  <  5  pA/cm*.  This  effect,  now 


Fig  6  Backscaltered  ion  yield  as  a  function  of  80  keV  Ne*  ion  implantation  dose  at  room  temperature  in;  (1)  pure  Si(lOO); 
(2)  S'* doped  Si  (100),  B  concentration  2x10^'  cm“  (3)  As  *  doped  Si  (100),  total  concentration  2  x  10^'  cm  "  ’ 
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known  as  ion-beam  induced  solid  phase  epitaxial  growth 
(IBIEG),  was  called  the  large-dose  effect. 

The  problems  of  semiconductor  crystal  structure  re¬ 
construction  and  electrical  activation  of  interstitial  im¬ 
purities  calls  for  physical  investigations  of  these 
processes  and  development  of  appropriate  technology. 
For  instance,  laser  pulse  annealing  of  radiation  damage 
was  studied  at  the  Kazan  Physico-Technical  Institute  in 
1974  and  then  at  the  Institute  of  Semiconductor  Physics 
of  the  Siberian  Branch  of  the  USSR  Academy  of  Scien¬ 
ces  in  1975  [6.7].  It  was  shown  that  a  .single  pulse  of  the 
solid-state  laser  with  a  pulse  duration  of  30  ns  and  a 
pulse  energy  of  0.1  J  focused  into  a  15  mm  spot  is 
sufficient  for  the  annealing  of  radiation  damage  in 
implanted  layers  and  producing  a  high-level  carrier  con¬ 
centration  both  in  Si  and  GaAs. 

In  the  late  60s  and  early  70s  a  group  of  scientists  of 
the  Gorki  Physico-Technical  Research  Institute  headed 
by  P.V  Pavlov  discovered  the  so-called  long-range  ef-- 
feet.  i.e.  the  change  in  the  semiconductor  properties  at 
distances  exceeding  considerably  the  range  of  bombard¬ 
ing  ions  [7j.  Later  the  effect  was  studied  in  detail  in  ref 
[9].  Its  essence  is  illustrated  by  the  scheme  of  the 
experiment  and  the  experimental  spectral  dependence 
of  photoconductivity  shown  in  fig.  5. 

Another  example  of  this  kind  is  the  discovery  of  the 
impurity  amcrphization  effect  which  is  described  com¬ 
prehensively  in  paper  [lOj.  The  essence  of  the  effect  is 
vividly  shown  in  fig.  6. 

At  present,  the  engineers  designing  ion  implantation 
equipment  work  in  collaboration  with  the  scientific 
institutions  engaged  in  investigations  of  the  physical 
proces.ses  of  the  lon-solid  interactions  The  most  active 
among  them  are:  the  Institute  of  Semiconductor  Physics 
of  the  Sibenan  Branch  of  the  USSR  Academy  of  Scien¬ 
ces.  the  Lebedev  Physical  Institute  of  the  USSR 


Academy  of  Sciences,  the  Institute  of  Microelectronics 
Technology  and  High-Purity  Materials  of  the  USSR 
Academy  of  Sciences,  the  Leningrad  Polytechnical  In¬ 
stitute.  the  Byelorussia  State  University,  the  Institute  of 
Electronics  of  the  Uzbek  Academy  of  Sciences,  the 
Institute  of  Nuclear  Physics  of  the  Kazakh  Academy  of 
Sciences,  the  Kaunas  Polytechnical  Institute,  the  Gorki 
Physico-Technical  Research  Institute,  and  the  Kazan 
Physico-Technical  Institute. 


References 

[1]  VV  Simonov.  A  A  Kornilov..  A.V.  Shas'ielev  and  BV 
Shokin.  in.  Ion  implantation  Equipment  (Radio  and  Com¬ 
munication.  Moscow,  1988). 

[2]  M  I  Guseva  and  B.V  Aleksandria,  Zh.  Tekh  Fiz  31 
(1961)  867 

13]  A.E.  Gorodetskn,  G  A.  Kachurin,  N.B.  Pridachin  and  L  3 
Smirnov,  Fiz  Tekh.  Poluprovodn  2  (1967)  136. 

|4]  N.B.  Pridachin  and  L  S  Smirnov..  Fiz  Tekh  Polupio- 
vodn.  5  (1973)  166 

|5j  N  N  Gerasimenko.  A.V  Dvurechenskii.  S.I.  Romanov 
and  L.S.  Smirnov..  Fiz  Tekh  Poluprovodn  (1973)  2195. 

[6]  I.B.  Khaibulhn.  E I  Shtyrkov,  M.M.  Zaripov.  M.F 
Galyautdmov  and  R.M  Bayazitov.  VINITI,.  No  2661-74, 
M.,  32 

|7]  G.A.  Kachurin.  N.B  Pridachin  and  LS  Smirnov,  Fiz 
Tekh  Poluprovodn  9  (1975)  1428. 

(8)  G.N.  Uspenskaya.  N  N  Abramova,  D.l  Telelbaum,  E  1 
Zorin  and  P  V  Pavlov,  in’  Physical  Fundamentals  of 
Ion-beam  Implantation  (Gorki.  1972)  p.  96,  in  Russian 

|9]  V.G.  Goryachev,,  L  N  Marenina  and  V  N  Modkovich,  in 
Radiation  Effects  in  Semiconductor  Systems.  (Izd  KlYaN 
AN  USSR.  Kiev,,  1977)  p.  26 

[10]  A.V  Dvurechenskii,  R  Groetzschel  and  V  P  Popov,  Phys. 
Lett  Al  16  (1986)  .399 


Nu'...ai  InstrumcrlN  and  Methods,  m  Physics  Research  B55  (1991)  393-397 
North-*-* ''Hand 


393 


The  Nissin  NH-20SP  medium-current  ion  implanter 

N.  Nagai,  T.  Kawai,  M.  Nogami,  T.  Shin’yama,  T..  Yuasa,  Y.  Kibi,  H.  Kawakami,  K,  Nishikawa 
and  M.  Isobe 

,V/s.sin  Eleciru'iil  Co  Lid,  Ion  Equipment  Division,  575  Kuze  Tonoshiro-cho,  Minami-ku,  Kyoto,  Japan 


The  NH-20SP  medium-current  ion  implanter  has  been  developed  to  meet  the  needs  of  advanced  ULSI  fabrication  processes  The 
NH-20SP  has  the  following  features:  (1)  parallel-beam  implantation,  (2)  8  in  wafer  compatible.  (3)  precise  dose-uniformity  control. 
(4)  in-situ  parallelism  and  uniformity  monitor,.  (5)  large-tilt-angle  implantation.  (6)  step  wafer-rotation  during  implantation.  The 
NH-20SP  employs  a  hybrid  scan  system.  The  horizontal  parallel-beam  sweep  is  accomplished  with  two  sets  of  electrostatic  electrodes 
A  wafer  is  scanned  vertically  by  a  swing-arm  scan  mechanism  A  digital  beam  sweep  system  controls  the  dose  uniformity  across  the 
wafer  Implant  dose  uniformity  is  achieved  by  adjusting  the  speed  of  the  vertical  wafer  motion  The  swing-arm  scan  mecli.-inism 
provides  a  large-tilt-angle  implantation  and  stepwise  rotation  of  the  wafer  during  implantation  In  this  paper  an  overview  of  the-e 
features  will  be  given  and  pei-formance  data  will  be  presented 


I..  Introduction 

The  NH-20SP  inedtum-current  ion  implanter  has 
been  developed  to  meet  the  needs  of  advanced  ULSI 
fabrication  processes  (figs.  1  and  2).  The  implanter 
provides  paraliel-beam  implantation,  8  in  wafer 
processing,  precise  dose  and  uniformity  control,  large- 


tilt-angle  and  step-rotational  implants  for  novel  ULSI 
processes. 

The  NH-20SP  employs  a  hybrid  scan  system.  A 
hybrid  .scan  system  sweeps  an  ion  beam  in  one  direction 
and  tran.slates  a  wafer  in  another.  In  NH-20SP.  a  hori¬ 
zontal  parallel-beam  sweep  is  accomplished  with  a  digit¬ 
ally  controlled  electrostatic  electrode.  A  wafer  is  scanned 


Fig.  I.  Photograph  of  the  NH-20SP 
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Fig  Overai;  plane  view  of  the  NH-20SP  medium-current  ion  implanter. 


vertically  by  a  swing-arm  scan  mechanism  and  the 
scanning  speed  is  controlled  to  perform  uniform  im¬ 
plantation 

2.  Beam  line  (parallel-beam  generation) 

In  the  NH-20SP,  an  ion  beam  is  swept  electrostati¬ 
cally  The  frequency  of  the  horizontal  beam  sweep  is  1 


kHz.  Fig.  3  shows  a  schematic  view  of  the  beam  line. 
The  ion  beam,  after  being  mass-analyzed  and  post- 
accelerated,  is  swept  honzontally  by  the  HI  electrode. 
The  V  electrode  bends  the  ion  beam  downwards  to 
eliminate  neutrals  and  other  unnecessary  components 
such  as  charge-transferred  ions  and  dissociated  mole¬ 
cules.  In  the  case  of  a  50  keV  BFj*  implant  (30  kV 
extraction.  20  kV  post-acceleration),  the  vertical  sep¬ 
aration  between  BFt^  and  BF'^  -  which  is  dissociated 


V  onset  angle 
to  eliminate  beam 


Mask  plate 

( stop  neutral  beam  and 
contamination  beam  such  as 
charge  transtered  ions,  dissociated 
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from  BF2^  after  mass  analysis  -  is  about  60  mm  at  the 
mask.  This  is  sufficient  to  eliminate  contaminants.  The 
H2  electrode  kicks  back  the  ion  beam  to  make  a  so-called 
parallel  swept  beam.  This  simple  beam-sweeping  system 
provides  a  good  parallel  beam  at  the  target.  Measure¬ 
ments  of  the  beam  entrance  angle  at  the  surface  of  the 
wafer  show  that  the  angle  variation  over  an  8  in.  wafer 
IS  less  than  0.5°. 

The  sweep-voltage  waveform  applied  to  the  HI  and 
H2  electrodes  is  generated  by  a  digital-waveform  gener¬ 
ator,  which  we  call  a  waveform  controller.  The  beam- 
sweep  waveform  is  generated  to  get  uniform  beam-sweep 
speed  over  the  entire  wafer  surface. 

In  the  near  future,  the  beam  profile  or  beam  current 
density  distribution  will  be  considered  as  important 
implant  parameters  to  perform  high-quality  implanta¬ 
tion  even  for  a  medium-current  ion  implanter.  The 
NH-20SP  provides  the  means  of  monitoring  both  the 
honzontal  and  the  vertical  beam  profile.  In  the  NH- 
20SP,  an  ion  beam  can  be  swept  vertically  by  the  V 
electrode.  To  get  a  beam  profile,  select  one  of  the 
multislit  Faradays  and  measure  the  beam  current  as  the 
beam  is  swept  horizontally  or  vertically  by  varying  the 
honzontal  and  vertical  sweep  voltages. 


3.  Implant  control  system 

The  mechanical  scan  is  accompli.shed  with  a  swing- 
arm  scan  mechanism.  In  this  system,  vertical  wafer 
motion  is  achieved  by  combination  of  two  circular 
motions  (fig.  4). 

The  platen  is  swung  up  and  down  like  a  pendulum 
by  the  M2  direct-drive  (DD)  motor  and  the  wafer  on 
the  platen  is  spun  by  the  M3  DD  motor  (not  shown  in 
fig  4).  The  M2  and  M3  motors  are  controlled  to  move 


Arm  motion 


Fig.  4  Block  diagram  of  the  implant  control  system. 
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in  the  same  speed  and  in  opposite  direction.  As  a  result, 
the  angular  motion  of  the  wafer  caused  by  the  swing 
arm  is  canceled  and  the  direction  of  the  wafer  is  fixed 
against  the  ion  beam. 

Fig.  4  shows  the  block  diagram  of  the  implant  con¬ 
trol  system.  To  implant  the  desired  dose  over  a  wafer, 
the  NH-20SP  controls  the  speed  of  the  swing-arm  mo¬ 
tion  as  a  high-current  mechanical  scan  implanter.  The 
implant  controller  drives  the  M2  and  M3  motor  to 
make  the  ratio  of  the  wafer’s  vertical  speed  to  the  beam 
current  the  same  at  any  position  The  beam  current  is 
measured  by  the  dose  monitor  Faraday  at  every  beam 
sweep.  If  the  measured  beam  current  is  smaller  than  a 
predetermined  value,  the  implant  controller  slows  down 
the  swing-arm  motion  in  order  to  ach'eve  the  required 
dose.  When  the  beam  current  is  larger  than  the  maxi- 
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mum  value,  the  beam  sweep  is  suspended  and  it  re¬ 
sumes  when  the  beam  current  becomes  allowable. 

The  parallel  swept  beam  is  exposed  on  the  wafer  at 
every  0.5  mm  step  at  maximum  vertical  scan  speed  (1 
Hz).  Fig.  5  shows  a  typical  implanted  contour  map. 

4.  In-situ  parallelism  and  uniformity  monitor 

The  horizontally  swept  beam  is  monitored  by  multi- 
slit  Faradays.  The  Faradays  are  situated  before  (front) 
and  after  (back)  the  implant  position.  The  front  multi¬ 
slit  Faraday  is  located  at  a  different  vertical  offset  angle 
position,  and  the  back  multislit  Faraday  is  on  the  beam 
course. 

The  waveform  controller  which  outputs  the  sweep 
voltage,  monitors  the  beam  current  collected  by  each 
Faraday  during  beam  sweeping.  The  controller  detects 
the  current  peak  of  the  beam  for  one  of  the  multislit 
Faradays  and  memorizes  the  output  voltage.  As  the 
horizontal  position  of  each  Faraday  is  fixed,  the  beam 
position  as  a  function  of  the  sweep  voltage  is  obtained 
by  performing  this  procedure  for  all  Faradays.  The 
beam  position  as  a  function  of  sweep  voltage  is  mea¬ 
sured  at  the  front  and  back  Faraday  position.  The  beam 
flight  path  IS  determined  using  those  two  data.  In  this 
manner,  beam  parallelism  is  monitored  and  interlocked. 


To  get  uniform  implantation  on  a  wafer,  an  ion 
beam  must  be  swept  over  the  wafer  at  a  constant  speed. 
The  ion  beam  position  data,  measured  by  the  “  before” 
.md  “after"  Faradays,  can  tell  the  beam-sweep  speed 
over  the  wafer.  The  implant  uniformity  can  be  predicted 
using  the  position  versus  the  sweep  voltage  data.  By 
adjusting  the  beam-sweep  waveform  so  as  to  get  a 
uniform  beam-sweep  speed  over  the  wafer,  in-situ  uni¬ 
formity  control  is  achieved.  To  take  account  of  the 
response  of  the  high-voltage  amplifier  that  outputs  the 
beam-sweep  voltage,  an  ion  beam  is  swept  in  a  modified 
waveform  and  the  beam  position  data  are  measured 
again.  This  procedure  (iteration)  is  repeated  until  the 
waveform  converges  within  a  given  uniformity. 

5.  Endstation 

The  NH-20SP  has  a  dual  platen  system  equipped 
with  a  spinning  platen  and  with  a  vanable-tilt-angle 
mechanism  (VTAM  [1]).  A  pick-and-place  mechanism 
and  back-side  contact  are  aspects  of  our  concept  of 
wafer  handling.  Fig.  6  is  a  schematic  of  the  endstation 
seen  from  above. 

Wafer  cassettes,  based  on  the  SEMI  standard  are 
located  at  900  mm  above  the  floor.  A  wafer  is  picked  up 
by  a  loader  vacuum  chuck  and  the  loader  robot  is 


Parallel  beam 


Platen 
Side  1 


M1 


In  vacuum 
Load/Unloader 


Air  Lock 
Side  1 


lJC5ir  TJ^SV  Uwlf 

Fig,  6.  Schematic  view  of  the  endstation,  top  view 
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moved  to  an  OF  (“flat”  orienter)  aligner  by  a  linear 
motor.  When  the  OF  or  notch  direction  is  optically 
aligned,  the  wafer  is  placed  at  one  side  of  an  air-lock 
chamber,  which  is  evacuated  by  a  dry  pump  first,  fol¬ 
lowed  by  a  turbomolecular  pump  (TMP)  directly 
mounted  on  the  air-lock  chamber.  When  the  pressure  of 
this  chamber  is  at  high  vacuum,  a  gate  value  is  opened 
and  the  wafer  is  lifted  by  an  in-vacuum  wafer-load 
transfer  arm  and  brought  to  the  platen.  At  the  same 
time,  an  implanted  wafer  is  returned  to  the  air-lock 
chamber  by  the  in-vacuum  wafer-unload  transfer  arm. 
When  venting  of  this  chamber  is  completed,  the  im¬ 
planted  wafer  is  picked  up  by  an  unloader  robot  and 
returned  to  the  wafer  cassette. 

The  Ml  motor  moves  the  platen  to  a  given  tilt  angle. 
The  tilt  angle  is  the  same  as  the  rotational  angle  of  the 
Ml  motor,  and  is  variable  from  0°  to  60°. 

The  onentation  of  the  wafer  is  set  by  the  M3  motor 
at  the  beginning  of  an  implantation.  The  presettable 
angle  runs  from  0°  to  359°. 

During  implantation  the  M3  motor  can  rotate  the 
wafer  to  change  the  "flat”  orientation  when  the  wafer  is 
at  the  over-scan  position  This  means  that  the  direction 
of  the  wafer  relative  to  the  beam-sweep  plane  can  be 
changed.  Such  a  procedure  is  called  step-rotational  im¬ 
plant.  The  step  division  number  is  selectable  from  1  to 
99  for  an  implant  The  tilt  angle  can  also  be  varied  at 


the  same  time.  As  a  result,  a  combination  of  ch.anges  of 
the  tilt  angle  and  step-division  number  during  implanta¬ 
tion  is  possible. 

As  the  NH-20SP  employs  a  dual-platen  system, 
customers  can  process  two  different  sizes  of  wafers  at 
the  same  time. 

6.  Conclusion 

A  new  medium-current  ion  implantation  system,  the 
NH-20SP.  has  been  developed.  It  can  generate  a  parallel 
ion  beam  in  order  to  overcome  problems  due  to  the 
nonparallelism  of  the  beam,  such  as  the  asymmetry 
characteristics  and  shadow  effect,  which  are  inherent  to 
an  ordinary  electrostatic'  scanning  system.  Beam  paral¬ 
lelism  and  dose  uniformity  are  optimized  by  an  in  situ 
monitoring  system  consisting  of  two  multislit  Faradays 
The  system  can  cope  with  an  8  in.  wafer  which  is 
thought  to  be  a  standard  in  the  next-generation  systems 
with  dual-platen  scheme. 
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The  important  issues  in  the  design  and  development  of  the  Eaton  NV20A  high-current  ion  implantation  system  are  discussed  The 
control  system  is  based  on  a  Sun  Microsystems  workstation  connected  through  an  Ethernet  to  a  multiprocessor  controller.  The 
software  is  based  on  an  object-oriented  environment  with  a  layered  operator  interface  design  An  adaptive  robotics-based  wafer 
handling  system,  and  clampless  wafer  holding  allow  for  high  throughj'ut  with  good  particulate  perlormance  The  modular  design  of 
the  beam  optics  add  to  system  versatility 


1.  Introduction 

Sine,  the  development  of  the  Nova  NVlO-80  pre-de¬ 
position  implantation  system  in  1978-1979  [1],  Eaton 


Ion  Beam  Systems  Division  has  continued  to  evolve  the 
high-current  technology  to  meet  the  semiconductor  in¬ 
dustry  needs.  The  first  major  deviation  from  the  special 
purpose  low-energy  (Pre-Dep^'^)  machines  was  the 
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NVlO-160  [2]  which  covered  a  mucn  wider  range  of 
implant  energies  and  doses.  This  equioment  evolution 
continued  with  the  development  of  the  N\  20-200  which 
was  designed  to  meet  200  mm  wafer  handling  require¬ 
ments  as  well  as  the  requirements  for  wider  energy  and 
dose  ranges.  Ultimately,  this  machine  met  with  limited 
success  due  to  the  lack  of  a  sophisticated  automation 
package,  its  small  2S  wafer  batch  capacity,  and  its  low 
mechanically  limited  throughput.  To  address  these 
needs,  the  NV20A  (fig.  1)  was  designed  to  include  an 
advanced  automation  package,  a  large  implant  batch 
capacity,,  and  an  increase  in  mechanically  limited 
throughput.  There  are  now  fourteen  of  these  systems  in 
operation  and  positive  performance  results  are  begin¬ 
ning  to  emerge.  This  paper  describes  some  of  the  design 
features  of  this  system  was  well  as  some  early  perfor¬ 
mance  characteristics. 

The  key  performance  specifications  are  listed  in  ta¬ 
ble  1. 


2.  Beam  generation  and  transport 

The  NV20A  beam  generation  and  transport  system 
(fig  2)  includes  the  ion  source,  extraction  electrodes, 
mass  analysis  magnet,  post-acceleration  tube  and  elec¬ 
tron  shower  for  beam  neutralization.  The  basic  optical 
design  IS  taken  from  the  NVIO  (1)  with  only  minor 
changes  to  accommodate  a  larger  beam  envelope.  The 
vacuum  system  and  beamline  envelope  is  designed  for 
optimum  control  of  pre.ssure  along  the  entire  beam 
path.  Measured  beam  currents  are  shown  in  table  2., 


Table  1 

Key  performance  specification.s 


Energy  range.  5-200  keV 

Wafer  charging:  + 10  V  maximum 

Variable  implant  angle.  0-10°  recipe  selectable 


Throughput: 

Wafer  size 

Wafers/h 

100  mm 

200 

125  mm 

200 

150  mm 

196 

200  nm 

160 

Dose  control 

Range 

Specification 

10'’-10''' 

Uniformity 

0  <0.5% 

Run  to  run 

0  <  0.5% 

Particulate  control' 

Size 

Specification 

>  0  5  nm 

<  0.025/cm^ 

>03  nm 

S  0  050/em^ 

Beam  current  |mA]' 


Energy  [keV] 

As-" 

Sb" 

10 

2.5 

50 

50 

20 

7.0 

100 

10.0 

40 

8.0 

20  0 

20  0 

100 

60  to  200 

8.0 

20  0 

20.0 

100 

p2l 

As^*- 

to  400  keV 

0  25 

1  5 

1  5 

2  I  Ion  source 

The  ion  source  is  a  Bernas  type  with  a  repeller 
mounted  opposite  the  filament  to  enhance  electron  life- 


rmoir  cari 


Fig  2.  NV-20A  beamline  schematic. 
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lime  in  the  source  plasma.  This  source  routinely  yieMs 
B  to  BF,  fractions  of  greater  than  1  and  has  a  lifetime 
of  greater  than  85  hours,  limited  only  by  metallic  plat¬ 
ing  of  the  filament  insulators.  Versions  of  this  souice 
made  of  tantalum  as  opposed  to  molybdenum  have 
been  demonstrated  to  have  no  measurable  Mo^*  cross 
contamination  in  BFj*^  implants.  The  source  has  an 
elliptically  shaped  slit  aperture  with  special  shaping 
designed  to  eliminate  unwanted  focusing  and  resulting 
hot  spots  in  the  beam  density  profile. 

2.2  E.xtracuon  svitem 

The  extraction  electrode  was  designed  to  cover  a 
wide  dynamic'  range  of  current  and  energy  by  placing 


two  apertures  on  a  single  accel/decel  electrode  config¬ 
uration  (fig.  }).  One  of  the  apertures  is  optimized  for  5 
to  4ti  keV  while  the  other  is  optimized  for  20  to  80  keV,. 
providing  good  energy  range  overlap.  The  traditional 
adjustments,  x,  y,  and  z.  are  accomplished  using  mech¬ 
anical  linkages  coupled  through  vacuum  feedthroughs, 
while  the  selection  of  apertures  is  accomplished  by 
moving  the  electrode  assembly  m  one  step.  The  pitch  of 
the  step  IS  equal  to  the  aperture  spacing,  thus  assuring 
alignment  when  changing  between  apertures. 

2.3.  Electron  flood  system 

The  electron  shower  system  (fig.  4)  is  designed  to 
produce  electrons  within  the  potential  well  of  the  ion 


Fig.  3.  Photograph  of  the  dual  aperture  extraction  electrodes 
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Table  2 

Beam  current  vs  energy  perfoimance 


Energy 

[keVl 

Eeam  current  [mA] 

As* 

P* 

B* 

5 

10“> 

2.2  “> 

10 

5.75  ■■’,  3.0 

7.5  "> 

6.0  “> 

15 

10.5 

9.5  7  5 

8.0 

20 

12  0'”,  8.0 

12.5  -“Ml.O 

9.5 

25 

15  0 

14  0  “',-14  0 

11.0“' 

30 

16  8  ■*',-18 

20.0  18.5 

11.0  “' 

40 

22 

24.0 

50 

30 

27.0 

60 

30 

28  5 

70 

>  30 

28.0 

80 

>  30 

28.0 

Measurements  using  the  low-energy  aperture. 


beam.  In  principle,  low  energy  electrons  generated  in 
the  potential  well  will  escape  primarily  through  the  ends 
of  the  beam.  A  suppression  ring  encircling  the  beam 
upstream  of  the  shower  prevents  the  loss  of  electrons  to 
the  upstream  regions,  leaving  only  the  region  between 
the  shower  and  the  wafer  surface  for  electron  loss. 

The  shower  is  designed  to  confine  300  eV  primary 
electrons  to  oscillate  back  and  forth  through  the  ion 
beam,  which  will  enhance  the  probability  of  ionizing 
collisions  between  the  primary  electrons  and  the  resid¬ 
ual  gas  atoms.  An  inert  gas  is  fed  into  the  shower  region 
to  maintain  a  constant  production  rate  of  electron-ion 
pairs.  Since  the  shower  is  completely  enclosed  with  only 
small  entrance  and  exit  apertures,  it  is  effectively  dif¬ 
ferentially  pumped  by  the  beamline  and  endstation 
region  vacuum  systems.  This  allows  for  a  relatively  high 
gas  pressure  within  the  shower  which  is  used  to  increase 


the  ionization  frequency.  Measurements  have  shown 
that  the  average  number  of  primary  electron  passes 
through  the  shower  is  five,  which  provides  an  approxi¬ 
mated  50  cm  electron  path  length.  With  an  ionization 
cross  section  of  2  X  cm%  a  pressure  of  1.5  x  10"^ 
Torr,  and  a  primary  current  of  400  mA,  this  shower  can 
produce  an  ionization  current  of  20  mA.  This  current, 
in  addition  to  secondary  electrons  produced  from  the 
shower  grid,  is  sufficient  for  controlling  wafer  surface 
potentials  during  high-current  ion  implantation. 


3.  Wafer  handling  and  implant  control 

The  wafer  handling  for  the  NV20A  is  designed  to 
accommodate  large  batch  sizes  while  maintaining  high 
wafer  throughput.  In  addition  to  a  reusable  25  wafer 
dummy  fill  capacity,  the  maximum  number  of  25  wafer 
batches  that  can  be  loaded  at  one  time  are  4,  5,  6,  and  7 
for  200,  150,  125,  and  100  mm  wafers,  respectively. 
Each  of  the  25  wafer  batches  can  be  processed  with 
different  process  recipes  under  fully  automated  control. 
Process  recipes  can  also  be  chained  together  to  accom¬ 
modate  multiple  implant  parameters  on  a  single  implant 
batch.  An  example  of  this  application  would  be  im¬ 
plants  with  multiple  energies  to  control  junction  depth 
and  dose  profiles. 

J  /.  fVa/er  handler  description 

At  the  heart  of  the  wafer  handling  system  (fig.  5)  is  a 
pair  of  Puma  260C  six- axis  robots  fitted  with  vacuum 
chucks  which  are  used  to  gently  move  wafers  from 
cassettes  through  a  lasc  beam  flat-notch  aligner  and 
into  one  of  two  25  wafer  buffei  cassettes.  The  wafers 
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are  then  loaded  onto  aim  diameter  disk  (fig.  6)  prior 
to  implantation.  Once  the  wafers  have  been  implanted, 
they  are  remiwed  from  the  disk  and  placed  back  into 
their  original  cassette  with  slot-to-slot  integrity  main¬ 
tained.  Wafers  are  sensed  throughout  the  handling  se¬ 
quence  by  means  of  vacuum  sensors  connected  to  each 
of  the  vacuum  chucks.  The  multiple  cassette  table,  on 
which  cassettes  are  loaded,  is  moved  laterally  to  posi¬ 
tion  ca.s.settes  at  a  single  access  point.  A  sonic  trans¬ 
ducer  located  below  this  access  point  accurately  locates 
the  next  available  wafer  within  a  cassette  to  eliminate 
the  need  for  time-consuming  search  algorithms  involv¬ 
ing  the  robot  arms.  The  system  also  has  the  capability 
of  detecting  cross  threaded  wafers  within  a  cassette. 


which  will  prevent  wafer  breakage  if  such  an  event 
occurs.  The  entire  wafer  handling  environment  is  en¬ 
closed  within  a  closed  circuit  laminar  flow  system  with 
ULPA  filters  (fig.  7).  The  performance  in  the  wa'c 
handling  area  approaches  class  1  when  bulkheavi 
mounted  into  a  class  10  clean  room. 

The  wafer  handling  sequence  consists  of  two  distinct 
periods  in  which  the  two  robots  are  used;  the  first 
period  IS  for  buffering  wafers  while  an  implatit  sequence 
IS  conducted,  the  second  period  is  for  loading  and 
unloading  wafers  from  the  disk  between  implants. 
Loading  and  unloading  of  cassettes  is  accomplished 
with  random  access  through  a  single  load  door  located 
in  front  of  the  machine. 
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J  2  Dose  control  system 

1  he  dose  control  system  is  an  improved  version  of 
the  on .  used  on  the  NVIO  [4].  Wafers  are  located  on  the 
perimeter  of  the  disk,  into  which  five  radially  oriented 
slots  are  cut.  The  disk  spins  at  1200  rpm  while  it  is 
translated  up  and  down  to  cause  the  beam  to  scan 
across  the  wafers  in  the  perimeter.  The  beam  current 
pulses  transmitted  through  the  slot  and  into  the  disk 
Faraday  are  integrated  to  arrive  at  the  one-dimensional 
dose  rate  in  the  wafer  plane.  This  measurement  is  used 
to  control  the  translation  velocity  in  the  radial  (control) 
direction,  which  provides  for  uniform  dose  across  the 
scanned  implant  area.  The  number  of  up  and  down 
scans  and  radial  velocity  constants  determine  the  final 
dose  received  by  the  wafers. 


3.3.  Beam  profile  monitor 

Twenty  small  apertures  are  located  in  the  perimeter 
of  the  implant  disk,  each  of  which  has  a  unique  angular 
and  radial  location  on  the  disk  surface.  At  the  begin¬ 
ning  of  an  implant,  the  intensity-time  profile  of  the 
beam  current  transmitted  through  each  of  these  small 
apertures  is  measured.  This  provides  a  beam  density 
profile  with  a  resolution  of  about  2.5  mm. 

3.4.  Differential  current  measurement 

To  improve  the  overall  accuracy  and  linearity  of  the 
dose  control  system,  a  differential  current  measurement 
technique  (fig.  8)  is  employed.  The  current  pulse  trans¬ 
mitted  through  the  dose  control  slit  is  integrated  for  a 


Fig.  6.  Photograph  of  the  NV-20A  disk  cart  assembly 
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Fig.  7  NV-20A  laminar  flow  system 


fixed  penod  of  time,  after  which  a  dark  current  mea¬ 
surement  is  made  for  an  identical  period  of  time.  The 
difference  between  the  two  integrations  is  the  true  beam 
current  less  all  instrument  offsets  and  Faraday  leakages. 


This  technique,  in  combination  with  the  low  tolerances 
of  range  resistors  in  the  instrument,  results  in  a  mono- 
tonic  measurement  and  control  of  dose  over  the  entire 
measurement  range  of  the  instrument. 


ANALOG 
PROCESSOR  A 


1  +  cj)- 


-tsetup- 


ANALOG 
PROCESSOR  B 


I — tsetup  +  tz — f— t{niz  +  qz)- 


-tsetup- 


t(m  q)  =  measurement  and  quantization  of  beam  current 

tsetup  =  time  to  set  up  &  zero  the  analog  processor 

t(mz  -f  qz)  =  measurement  &  quantization  of  all  leakage  &  offset  currents 

t1  -  to  =  t2  - 11 
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4.  Control  system  ulcs  communicate  to  one  another  and  the  database  by 

way  of  a  messaging  system.  At  the  top  of  the  layer  is  the 
The  NV20A  control  system,  shown  schematically  in  user  interface  which  communicates  directly  with  the 

figs.  9  and  10,  is  designed  around  a  generic  architecture  system  database  and  the  control  applications  software, 

which  can  be  applied  to  all  Eaton  IBSD  products.  The  The  user  interface  software  is  based  on  Motif  which 

user  interface  is  a  Sun  Microsystems  color  graphic  runs  on  X-windows  which  minimized  the  software  de¬ 
workstation  with  a  keyboard  and  mouse.  This  system  is  velopment  task.  Access  to  screens  and  applications  is 

also  compatible  with  touch  screen  and  trackball  inter-  controlled  by  a  password  management  system.  At  pre¬ 
faces.  The  Sun  system  computer  is  connected  through  a  sent,  there  are  three  basic  levels  of  access;  Supervisory, 

fiber  optic  Ethernet  to  a  VME  Bus  cell  controller.  The  Maintenance,  and  Operator.  Customized  access  can  be 

cell  controller  is  connected  through  high-speed  fiber  programmed  for  any  individual  at  the  supervisory  level, 

optic"  serial  loops  to  each  of  the  specialized  I/O  mod-  The  system  database  resides  in  the  cell  controller  in 

ules  or  device  interfaces.  Included  in  the  Sun  package  is  battery  backed  RAM.  An  image  of  all  I/O  points  and 

a  105  Mb  disk  drive  with  tape  back-up.  which  houses  all  values  is  stored  in  the  database  for  use  by  applications 

of  the  operating  software  plus  the  implant  data  files  as  and  communication,-  layers  of  software.  The  applica- 

well  as  the  alarm  history.  tions  software  uses  the  database  parameters  to  make 

control  system  decisions  as  well  as  to  change  output 
4  I  Control  description  parameters.  The  communications  layer  manages  the  I/O 

tasks.  In  most  case,  the  device  interfaces  simply  transfer 
The  control  system  software  (fig.  11)  is  an  object-ori-  I/O  information.  There  are,  however,  a  few  real-time 

ented  multiply  layered  communications  network.  Mod-  control  applications  that  cannot  tolerate  the  communi- 


Fig.  9.  Control  system  software  data  flow. 
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cations  delays  and  these  applications  reside  at  the  de¬ 
vice  interface  layer. 
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New  techniques  for  high-density  circuit  integration  require  parallel  scanning  in  combination  wiith  the  ability  to  reposition  the 
circuit  devices  during  implantation,  A  new  family  of  high-  and  medium-current  implanters  utilizing  a  common  end-station  concept 
has  been  developed  in  a  cooperative  effort  of  design  groups  in  Japan,  Massachusetts  and  Texas  The  new  family  utilizes  rotating-disk, 
mechanically  scanned  batch  processing  with  vacuum-lock  wafer  loading  and  unloading  A  small,  high-speed  robot  performs  the  in-air 
handling  associated  with  loading  the  vacuum  lock  The  disk  has  a  gimbal  mount  which  permits  two-axis  tilling  of  the  disk  during 
implantation  Construction  details  and  process  capabilities  of  this  implanter  family  are  described  and  di.scussed 


1.  Introduction 

Eaton  has  recent'.y  introduced  a  new  family  of  im¬ 
planters  which  IS  truly  international  in  design  and 
manufacture.  The  machines  are  available  in  two  basic' 
types,  the  NV-GSD  high-current  model  (80  and  160  kV 
versions)  and  the  NV-8200GD  medium-current  model. 

Both  implanters  are  high-volume  manufacturing  tools 
designed  to  be  compatible  with  some  of  the  newer 
processes  which  require  variable  tilts  and  repositioning 
In  such  applications  this  family  of  implanters  can 
simulate  wafer  rotation  for  implanting  the  walls  of  a 
trench  structure. 


2.  Design  methodology 

These  ion  implanters  are  not  simply  machines  that 
were  designed  in  one  place  and  manufactured  in  another 
place.  Design  teams  in  Austin,  TX,  Beverly,  MA  and 
Toyo,  Japan  have  cooperated  to  design  these  im¬ 
planters,  including  associated  control  software.  As  a 
part  of  the  design  process,  engineers  from  each  of  the 
sites  involved  met  to  agree  upon  the  form  and  features 
of  the  new  implanters. 

The  design  concept  was  for  a  family  of  implanters 
with  a  “common  process  interface”,,  that  is,  a  common 


mechanical  interface  and  common  recipe  of  parameters, 
such  that  a  user  who  has  one  machine  and  requires  the 
other  would  automatically  be  familiar  with  many  of  the 
operational  characteristics  As  an  example,  a  robotic 
interface  designed  to  work  with  a  high-current  system 
would  work  equally  well  with  a  medium-current  system 
Another  benefit  is  interchangeability  of  parts  used  in 
both  machines,  which  reduces  the  required  spare  parts 
and  maintenance  training 

Eaton  Corporation  and  its  Japanese  affiliate.  Sumi¬ 
tomo  Eaton  Nova,  are  well  established  implanter 
manufacturers.  The  design  strategy  included  u,se  of  past 
design  experience  and  proven,  existing  hardware  in  the 
new  implanters.  The  terminal  section  of  both  models 
derives  from  American  designs  and  the  end  stations 
from  Japanese  designs.  Sumitomo  Eaton  Nova  produces 
the  NV-lOSD-80  and  the  NV-lOSD-160  implanters  in 
Japan.  These  implanters  are  based  on  the  Eaton,  Be¬ 
verly  Plant  NV-10-80  and  NV-10-160  terminal  sections 
and  a  Sumitomo  Eaton  Nova  end  station  The  NV- 
82(X)GD/NV-GSD  designs  are  the  next  steps  in  the 
evolution  of  Sumitomo  Eaton  Nova’s  end-station  de¬ 
signs  coupled  with  improvements  to  the  Eaton,  Beverly 
Plant  terminal  section  (NV-lO/NV-20)  and  the  Eaton, 
Austin  Plant  terminal  section  (NV-6200A).  The  im¬ 
provements  in  end-station  design  include  single-robot 
handling,  tw-axis  tilt  and  vacuum-load-lock  wafer  han¬ 
dling. 
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3.  Construction  details 

3  I.  End  station 

Both  implanters  are  two-axis,  mechanically  scanned 
batch  systems.  The  scan  axes  are  rotary  and  vertical, 
with  servodrives  used  for  both  axes.  The  rotary  axis  is 
operated  at  constant  speed,  while  the  vertical  axis  speed 
is  dependent  on  beam  current  and  vertical  position.  The 
mechanical  implementation  of  the  vertical  scan  is 
slightly  different  on  the  high-  and  the  medium-current 
implanters  due  to  the  difference  in  the  mass  of  the  disk 
and  disk  housing.  The  high-current  mechanics  incorpo¬ 
rates  a  pneumatic  spring  but  the  medium-current  does 
not  There  is  also  some  difference  in  the  mounting 
arrangement  of  the  servomotor  and  lead  screw.  The 
vertical  drive  moves  the  plate  carrying  the  rotary  drive 
motor  and  the  bearing  set  for  the  disk.  Vacuum  sealing 
between  this  plate  and  the  disk  chamber  is  provided  by 
a  senes  of  progressively  pumped  sliding  seals. 

The  medium-current  disk  is  smaller  and  therefore 
holds  fewer  wafers.  By  changing  the  disk  and  wafer 
handling  fixtures  (buffer  cassettes,  m-vacuum  handling 
arm.  etc.),  wafer  sizes  between  4  in.  (1(X)  mm)  and  8  in. 
(200  mm)  can  be  accommodated.  Table  1  is  a  compari¬ 
son  of  the  NV-8200GD  and  NV-GSD  disks. 

The  rotating  disk  is  composed  of  bolted-together 
“segments”,,  as  opposed  to  a  cast  one-piece  construc¬ 
tion.  This  machined  structure  is  more  uniform  than  a 
casting.  The  wafer  platens  are  machined  as  part  of  the 
"segments”.  Cooling  during  implant  is  provided  by  a 


Table  1 

Comparison  between  the  NV-GSD  and  NV-820uOD  disks 


NV-GSD 

NV-8200GD 

Disk  diameter  [m] 

1.10 

0.78 

Wafer  size 

Batch  size  [wafers] 

[mm] 

NV-GSD 

NV-8200GD 

100 

25 

20 

125 

20 

15 

150 

17 

13 

200 

12 

9 

water-cooling  circuit  which  runs  through  the  disk  and 
into  the  platens.  The  platens  are  coated  with  an  RTV 
material  to  insure  good  heat  transfer  from  the  wafer. 

Because  the  disk  is  designed  to  be  clampless  with 
wafers  held  flat  against  their  platens,  there  is  no  angle 
variation  due  to  bowing  of  the  wafers  Also,  there  is  no 
shadowing  of  the  wafer  by  a  clamp  or  sputtering  of  the 
clamp  material  onto  wafers. 

Both  the  NV-8200GD  and  NV-GSD  models  offer 
two-axis  tilting  of  the  disk.  The  NV-8200GD  is  capable 
of  ±15°  tilt  and  the  NV-GSD  of  ±11°  tilt.  The  tilt 
mechanism  consists  of  a  two-axis  gimbal,  with  pivots 
centered  on  the  beam  paih.  The  tilt  drive  consists  of 
two  servomotors  operating  through  lead  screws.  A  bel¬ 
lows  is  used  between  the  beam  line  and  disk  housing  to 
provide  the  compliance  required  for  the  disk  housing 
motion  with  respect  to  the  beamhne.  The  ability  to  tilt 
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allows  the  implanter  to  perform  simulated  quadrant  or 
octant  implants.  The  implanter  only  achieves  parallel 
scan  when  the  spin  axis  is  parallel  to  the  beam  axis  [1). 
For  all  other  tilt  settings,  there  is  a  small  angular 
deviation,  which  depends  on  the  tilt  setting  and  the 
beam  position  on  the  wafer.  Fig.  1  is  a  set  of  tilt-angle 
maps  for  a  7°  quadrant  implant  performed  on  the 
NV-8200GD.  The  inner  circles  represent  6  in.  (150  mm) 
wafers  and  the  outer  ones  represent  8  in.  (200  mm) 
wafers.  This  illustrates  that  the  worst  deviation  for  a  8 
in  (200  mm)  wafer  is  0.8°,.  although  this  only  occurs  in 
a  small  area.  The  worst  deviation  for  the  NV-GSD. 
under  the  same  conditions,  is  about  1°. 

The  chamber  is  a  machined  aluminum  clam-shell 
design,  hinged  on  one  edge  and  held  together  on  the 
other  with  quick-release  clamps.  The  chamber  is  desig¬ 
ned  so  that  It  may  be  opened  quickly  for  maintenance 
by  releasing  the  clamps  and  several  pipe  unions. 

An  electron  shower  system  controls  wafer  surface 
charging  by  supplying  low-energy  electrons  which  can 
be  trapped  by  the  ion  beam  and  reduce  the  potential 
resulting  from  the  space-charge  distribution  of  the  beam. 
Argon  gas  may  be  fed  to  the  shower  to  enhance  the 
production  of  low-energy  electrons  within  the  beam 
These  low-energy  electrons  are  produced  when  the  argon 
gas  molecule  is  ionized  by  collisions  with  either  primary 
electrons  from  the  shower  or  ions  within  the  beam. 
Cylindncal  tubes  encircle  the  beam  downstream  of  the 
shower  to  prevent  high-energy  electrons  from  reaching 
the  wafer  surface  in  the  region  outside  the  beam  cross 
section.  To  prevent  the  stripping  of  space-charge  neu¬ 
tralizing  electrons  upstream  of  the  shower,  a  negatively 
biased  aperture  is  located  near  the  electron  shower.  This 
aperture  creates  a  negative  potential  near  the  beam 


Fig  2.  End-station  wafer  handling 

which  prevents  diffusion  of  the  upstream  electrons  to 
the  downstream  region. 

Both  machines  use  the  same  wafer-handling  scheme 
and  much  of  the  same  hardware  (see  fig.  2).  Up  to  four 
cassettes  may  be  loaded  on  the  cassette  shifter,  which 
positions  the  cassette  in  use  in  front  of  the  wafer-han¬ 
dling  robot.  The  robot  is  a  three-axis  dc  servo,  the  axes 
being  rad'al  motion,  rotation  and  elevation  The  robot 
takes  the  wafer  from  the  input  cassette  and  then  places 
It  on  the  flat  finder  station.  After  orientation  the  robot 
moves  the  wafer  to  the  buffer  cassette.  All  handling  is 
from  the  back  side  of  the  wafer  using  a  vacuum  pick 

The  piocess  of  orienting  and  moving  wafers  to  the 
buffer  cassette  takes  place  while  wafers  are  being  ex¬ 
changed  between  the  load-lock  cassette  and  the  disk.  If 
not  enough  wafers  are  available  to  fill  the  buffer  cas¬ 
sette.  wafers  Irom  the  dummy  cassette  are  used 


IN 
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IN 
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Fig  3  Implant  and  wafer-handling  timing 
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The  vacuum  load-lock  cassette  assembly  consists  of 
an  elevator  cassette  within  an  aluminum  housing.  This 
assembly  has  two  axes  of  servo-motion.  One  axis  is  used 
10  retract  the  cassette  into  the  housing.  The  other  axis  is 
operated  to  move  the  assembly  to  a  horizontal  position. 
In  this  position  the  housing  will  line  up  with  the  load- 
lock  valve  on  the  process  chamber.  A  short-stroke  cylin¬ 
der  then  pushes  the  housing  against  the  load-lock  valve 
chamber,  forming  a  vacuum  seal.  The  load-lock  housing 
can  then  be  evacuated  and  the  load-lock  valve  opened. 
After  the  load-lock  valve  is  opened,  the  cassette  is 
moved  into  the  load-lock  chambei  and  indexed  to  align 
the  wafers  with  the  in-vacuum  handling  arm. 

The  in-vacuum  handling  arm  moves  wafers  from  the 
vacuum  load-lock  cassette  to  the  in-vacuum  wafer  holder 
located  within  the  process  chamber.  It  also  returns 
wafers  from  the  disk  to  the  load-lock  cassette.  The 
in-vacuum  wafer  holder  positions  the  wafers  on  the 
disk.  Parallel  operation  of  the  handling  arm  and  wafer 
holder  affect  the  rapid  wafer  handling  needed  to  pro¬ 
duce  the  high  throughput  desired. 

The  timing  of  the  entire  load/implant/ unload  se¬ 
quence  is  shown  in  fig.  3.  For  clarity,  the  drawing  is 
broken  into  three  sections;  in-air,  vacuum  lock  and 
in-vacuum.  The  implanted  wafers  in  the  vacuum  cas¬ 
sette  are  exchanged  for  new  ones  while  the  implant  is  in 
progress.  Likewise,  the  robot  orients  the  wafers  and 
places  them  m  the  buffer  cassette  while  the  in-vacuum 
exchange  is  taking  place  between  the  vacuum  cassette 
and  the  disk  The  orient  and  buffer  process  has  been 
designed  to  be  faster  than  the  in-vacuum  handling, 
therefore  the  implant  process  is  not  delayed  due  to  slow 
in-air  handling. 

The  disk  chamber  remains  under  vacuum  except 
during  maintenance.  This  reduces  the  load  on  the 
pumping  system  and  reduces  the  probability  of  particles 
entering  the  chamber.  Also,  the  load  lock  can  be  pumped 
and  vented  slowly  to  avoid  moving  particles  while  not 
adversely  affecting  throughput  Another  benefit  of  keep¬ 


ing  the  chamber  and  disk  under  vacuum  is  that  the 
potential  for  run-to-run  dose  shifts,  caused  by  outgas- 
sing  of  water  vapor  is  reduced.  The  in-vacuum  handling, 
while  sometimes  viewed  as  a  potential  problem,  has 
been  thoroughly  tested  and  the  system  has  been  con- 
.servatively  rated  at  a  wafer  breakage  rate  of  1 ;  25  000 
and  a  mishandling  rate  of  1  ;5000.  We  are  continuing 
to  test  the  handling  system  to  improve  the  handling 
specification 

Several  other  features  have  been  implemented  to 
help  reduce  particulates.  The  disk  chamber  and  load 
lock  all  have  machined,  polished,  nonporous  surfaces, 
to  reduce  the  probability  of  particles  adhering.  An 
automatic  disk-cleaning  system  is  incorporated  into  the 
disk  chamber  to  aid  in  removing  beam-generated  or 


Fig.  6  Panicles  vs  batch. 
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Table  2 

Companson  between  the  NV-GSD  and  NV-8200GD  terminal 
sections 


NV-GSD 

NV-8200GD 

Source  type 

Enhanced 

Modified  Freeman. 

Bernas 

STD  or  SKM 

Vaporizers 

2 

1 

Gasses 

4 

4  (1  inert) 

Max  energy 
(single  charge) 
[keV] 

160  (180  opt) 

200 

Extraction  [kV] 

up  to  80 

up  to  20 

Magnet  [deg] 

(90  opt ) 

70 

90 

B  *  current  (mA) 

7 

2 

P  *  current  [mA] 

15 

3 

P"*  current 

nA 

0.4  mA 

beam-generated  or  beam-transported  particles  This  sys¬ 
tem  sequentially  vents  and  roughs  the  chamber  to  dis¬ 
lodge  and  sweep  away  loose  particles. 

3  2  Terminal  ieelion 

The  terminal  section  and  beam-line  section  for  these 
implanters  are  modified  versions  of  the  terminal  sec¬ 
tions  used  on  the  be  NV-10  high-current  system  and  the 
NV-6200A  medium-current  system. 

The  NV-GSD  terminal  section  (fig.  4)  consists  of  an 
enhanced  Bernas  source  with  dual  vaporizers  and  an 
external  gas-feed  system.  The  selectable  extraction  slit 
and  adjustable  electrode  position  allow  the  source  to  be 
optimized  for  performance  across  a  wide  range  of  en¬ 
ergies.  The  extraction  voltage  can  be  varied  between  5 
and  80  kV.  An  additional  post-analysis  accelerator  ca¬ 
pable  of  0-80  kV  (90  kV  optional)  can  be  added  to 
increase  the  beam  energy  up  160  keV  (180  keV  op¬ 
tional) 

The  NV-8200GD  terminal  section  (fig.  5)  utilizes  a 
modified  Freeman  source  which  incorporates  a  single 
vaporizer  The  extraction  voltage  is  typically  20  kV. 
This,  coupled  with  a  post-analysis  acceleration  of  up  to 
180  kV,.  can  pioduce  energies  of  up  to  200  keV  for 
singly  charged  species.  Several  modifications  have  been 
made  to  the  terminal  section  for  use  in  the  NV-8200GD 
system  A  four-gap  accelerator  tube  is  used,  which  has 
better  low-energy  transport  than  previous  designs  After 
acceleration,  the  beam  is  focused  using  an  electrostatic 
triplet  quadrupole  lens.  Table  2  summarizes  the  dif¬ 
ferences  between  the  NV-8200GD  and  NV-GSD  termi¬ 
nal  sections. 


Table  3 

Implamer  throughput 


100  mm 

125  mm 

150  mm 

200  mm 

NV-GSD 

Wafers  per  hour 

247 

243 

235 

215 

In-air  exchange  [s] 

140 

112 

95 

67 

NV-8200GD 

Wafers  per  hour 

238 

228 

220 

196 

In-air  exchange  [sj 

112 

84 

72 

50 

4.  Performance 

This  section  details  some  of  the  performance  char¬ 
acteristics  of  the  NV-GSD  and  NV-8200GD  implanters 
The  data  are  from  tests  run  as  part  of  the  performance 
verification  of  the  design.  The  use  of  active  cooling  and 
a  closed-loop  chiller  maintains  a  constant  disk  tempera¬ 
ture  during  implantation  The  wafer  temperature  stays 
below  lOO^C  for  1.6  kW  of  incident  beam  power. 

Fig  6  is  a  demonstration  of  the  effects  of  opening 
the  process  chamber  and  running  the  disk-cleaning  sys¬ 
tem.  Particle-added  counts  are  displayed  for  the  first 
and  seventeenth  wafer  pad.  The  number  of  counted 
particles  increased  dramatically  after  the  chamber  had 
been  opened  and  then  fell  rapidly  after  several  implants 
were  performed.  After  the  cleaning  process,  the  number 
of  particles  fell  to  a  level  even  lower  than  before  the 
chamber  was  opened.  The  implanter  specification  calls 
for  0.1  cm^‘  at  0.3  pm  or  larger  After  disk-cleaning, 
the  ten  test  implants  show  an  average  of  0.088  particles 
per  cm*  added. 

Implant  uniformity  tests  were  lun  under  a  variety  of 
operating  conditions.  In  all  cases  the  specified  uniform¬ 
ity  of  0  5%  IS  exceeded. 

Wafer  throughput  for  both  models  and  different  size 
wafers  are  shown  in  table  3.  The  throughput  rates  are 
based  on  the  mechanical  wafer-handling  rates  and  as¬ 
sume  that  the  implant  time  is  equal  to  the  time  it  takes 
the  in-air  handling  robot  to  exchange  the  wafers  in  the 
vacuum  cassette.  For  implants  where  the  implant  time 
exceeds  in-air  exchange  times,  the  throughput  will  be 
le.ss  The  numbers  shown  reflect  design  limits.  The 
specifications  are  slightly  more  conservative. 
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The  relationship  between  ion  implantation  system  parameters,  charge  indications  from  a  system  charge  sensor  and  various  wheel 
current  measurements,  and  the  yield  of  devices  have  been  investigated.  It  is  found  that  beam  balanced-charge  conditions,  as 
determined  by  either  charge  levels  on  dielectric  films  or  by  wheel  current  measurements,  occur  at  consistent  values  of  flood  gun 
setting  This  paper  descnbes  the  charge  control  system  design,  the  exploration  of  several  charge  measurements  to  determine  effective 
control  variables,  and  a  new  closed  loop  charge  control  .system 


1.  Introduction 

Charge  buildup  in  advanced  CMOS  devices,  espe¬ 
cially  DRAMs,  has  become  one  of  the  most  important 
and  critical  factors  in  ton  implantation  as  the  device 
densities  increase.  The  complex  conditions  present  in 
the  ion  beam  environment  require  that  we  play  close 
attentior.  to  the  detailed  conditions  of  beam  ions  and 
electron  ttan.sport  to  the  wafer,  to  ensure  that  low-en¬ 
ergy  electrons  equalise  charge  to  lower  and  lower  resid¬ 
ual  charge  levels. 

2.  Charge  control  system  description 

The  P19000  system  design  has  been  descnbed  before 
[1]  The  flood  gun  design  employed  in  the  P19000  con¬ 
sists  of  a  negatively  biased  tungsten  filament  heated 
with  dc'  current  to  thermionic  emission  temperature, 
with  a  grounded  spiral  tungsten  v  ire  grid  surrounding 
the  filament  to  accelerate  the  electrons  m  a  normal 
direction  away  from  the  filament. 

Electron  transport  is  enhanced  by  the  use  of  a  low 
background  pressure  of  argon  gas.  The  argon  flow  is  set 
by  means  of  a  mass  flow  controller.  Ba.se  vacuum  level 
was  maintained  below  5.0  X  10“’  mbar.  The  function  of 
the  argon  is  to; 

(a)  reduce  electron  space  charge  effects,  which  other¬ 
wise  severely  limit  electron  current, 

(b)  provide  a  weak  plasma  in  the  beam/wafer  region, 

(c)  reduce  electron  energy. 

This  then  provides  current  at  a  low  bias  voltage.  The 
beam  size  depends  on  species,  energy  and  beam  current;, 


'  Present  address:  Applied  Materials  (Japan).  14-3  Shinizumi, 
Narita,  Chiba  286,  Japan. 


however  it  is  generally  as  large  as  65  mm  wide  to  give 
low  charge  buildup  in  each  pass  through  the  ion  beam. 

The  gun  is  positioned  vertically  near  the  honzontal 
ion  beam.  There  is  an  aperture  separating  the  gun  from 
the  wafers,  which  serves  to  reduce  the  exposure  of  the 
wafers  to  direct  line-of-sight  electrons  and  also  to  re¬ 
duce  the  gas  load  to  the  target  chamber.  This  design 
uses  the  primary  electrons  directly,  rather  than  the 
secondary  electrons  from  an  intermediate  surface, 
avoiding  the  repeatability  problems  of  secondary  emit¬ 
ting  surfaces  and  the  reflected  pnmary  energy  electrons. 
The  bias  voltage  is  typically  in  the  range  of  60  to  90  V 
to  achieve  200  mA  Fig.  1  shows  the  bias  voltage  versus 
emission  for  various  argon  gas  flows  Flood  gun  emis- 


— 0.3  •ccffl  0.8  icom 

2.0  fccin  3.6  geem 

Fig  1  Measured  bias  voltage  versus  flood  gun  emission  cur¬ 
rent,  for  various  values  of  argon  flow 
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Fig  2.  Block  diagram  of  PI9200  charge  control  system 


ston  is  the  current  leaving  the  flood  gun  body,  and  is  in 
the  range  of  0-400  mA.  Electron  current  to  the  wheel  is 
a  fraction  of  the  emission,  typically  15-50  mA  al  an 
emission  of  200  mA,  depending  on  conditions.  Al¬ 
though,  in  principle,  the  electron  energy  can  be  as  high 
as  the  bias  voltage,  actually  the  electrons  reaching  the 
wafers  have  energy  much  lower  than  this  [2]  for  two 
reasons: 

(a)  the  weak  plasma  in  the  region  of  the  beam  and 
wafer  randomises  the  electron  energies,  and 

(b)  the  geometric  restrictions  of  the  final  beam  aperture 
prevent  direct  line  transport  normal  to  the  wafer. 

The  magnetic  field  in  the  region  between  the  flood  gun 
and  the  wafer  is  very  low  to  avoid  unwanted  electron 
trajectories 

Fig.  2  shows  a  block  diagram  of  the  charge  control 
system  used  in  the  P19000.  The  filament  bias  voltage  is 
servo  controlled  by  the  electronics  to  produce  the  emis¬ 
sion  current  requested  by  the  system  computer.  This 
servo  has  a  relatively  high  frequency  response,  to 
accommodate  any  pressure  variations  during  implanta¬ 
tion.  All  parameters  are  controlled  and  monitored  by 
the  system  computer,  which  also  turns  the  gun  emission 
off  briefly  at  the  end  of  each  scan  for  the  beam  current 
(dose)  measurement.  The  interlocks  halt  the  implant  in 
the  event  of  flood  gun  err  ission  failure 


3.  Wheel  current  measurements 

Although  the  spinning  wheel  in  this  system  is  always 
earthed,  it  can  be  electrically  isolated  for  the  measure¬ 


ment  of  total  ion  and  electron  current.  The  wheel  is  not 
a  solid  disk,  but  is  designed  to  expose  only  the  silicon 
wafers  to  the  beam,  in  order  to  reduce  cross-contamina¬ 
tion.  Consequently,-  the  wheel  current  signal  changes  as 
the  wheel  is  scanned.  Values  are  measured  at  mid-scan 
when  the  wafers  are  centred  on  the  beam.  Fig.  ?  .shows 
a  typical  measurement  of  wheel  current  with  ion  beam, 
on  bare  wafers.  In  principle,  this  current  includes  a 
contribution  from  secondary  electrons  produced  by  ion 
bombardment  of  the  wafers;  however,  this  is  usually 
less  than  10%.  The  current  with  beam  only  is  generally 
within  10-15%  of  the  real  ion  current. 

The  wheel  current  measurement,  as  well  as  the  charge 
sensor  voltage,  provides  a  measure  of  implant  condi¬ 
tions  that  can  be  correlated  with  the  device  yield  [3].  It 

Wheel  Cgrrerti  ImAl 
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Fig.  3.  Total  wheel  current  versus  flood  gun  emission  current, 
with  arsenic,  20  keV,.  12  mA  beam.  Wafers  are  bare,  p-type. 
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Fig  4  Comparison  of  several  different  system;  of  flood  gun 
emission  current  for  zero  wheel  current,  arsenic..  20  keV.  12 
mA, 


also  IS  found  to  give  an  indication  of  system  overall 
configuration  and  performance,  and  is  therefore  used  as 
a  standard  test  for  .system  qualification.  As  .seen  in  fig. 

3.  the  wheel  current  with  beam  is  zero  at  an  emission 
value  of  approximately  90  mA.  Fig  4  shows  the  data 
for  zero  crossing  emission  values  for  four  field  .systems 
measured  under  the  same  conditions,  showing  good 
system-to-system  repeatability.  Zero  current  generally 
occurs  at  80-100  mA  for  a  12  mA  beam. 


4.  Charge  sensor  measurements 


generally  highest  at  or  above  the  point  of  neutral  charge 
or  wheel  current,  which  is  ranging  from  50  to  300  mA 
[3-5].  This  means  that  high  yield  for  some  devices  is 
obtained  in  regions  of  significant  negative  wheel  current 
and  negative  charge  voltage,  while  others  cannot  tolerate 
such  overflooding 


5.  Closed  loop  charge  control  system  (CLC) 

Because  of  the  increasingly  thin  gate  oxides  and 
complexity  of  modern  devices,  a  flood  gun  closed  loop 
control  system  can  provide  many  advantages.  The  sys¬ 
tem  employed  here  is  designed  to: 

(1)  provide  automatic  feedback  control  of  flood  gun 
emission  to  naintain  the  conditions  within  selecta¬ 
ble  limits  throughout  the  implant. 

(2)  provide  system  interlocks  to  detect  and  render 
harmle  vs  any  system  faults,  and 

(3)  mon'ior  charging  conditions  and  provide  lot  track¬ 
ing  data 

Fig.  6  shows  a  block  diagram  of  the  closed  loop 
control  system.  It  is  designed  to  accept  both  wheel 
current  and  charge  voltage  sen.sors.  Both  signals  are 
sampled  on  a  particular  (recipe  selectable)  wafer  at  a 
particular  point  during  each  scan,  and  this  is  compared 
to  programmable  limits  in  the  recipe,  and  one  of  them 
(recipe  selectable)  is  then  used  to  alter  the  flood  gun 
emission  to  give  any  desired  but  constant  wheel  current 
or  charge  signal  The  implant  is  interlocked  subject  to 
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A  charge  sensor  is  included  in  the  system  to  measure 
charge  potential  appearing  on  implanted  wafers.  This 
sensor  consists  of  a  capacitively-coupled  10  mm  diame¬ 
ter  disk  connected  to  a  shielded  operational-amp,  the 
output  of  which  is  either  viewed  on  an  oscilloscope  or 
sampled  in  the  closed  loop  control  .system  described 
below  The  charge  sensor  is  mounted  on  the  .scanning 
arm  supporting  the  wheel  so  it  always  indicates  charge 
in  the  centre  of  each  wafer  As  the  wheel  is  scanned,  the 
charge  signal  is  observed.  Generally  a  maximum  is 
observed  at  mid-scan  (wafers  centred  on  the  beam)  and 
a  minimum  is  observed  near  the  beam  edges  Both 
maximum  and  minimum  .signals  are  plotted  in  fig.  5. 
Note  that  the  charge  becomes  negative  over  the  entire 
scan  above  an  emission  of  50  to  100  mA. 

It  IS  found  that  device  damage  often  occurs  when  the 
charge  signal  maximum  is  positive.  The  device  yield  is 
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Fig.  5  Charge  voltage  versus  flood  gun  emission  current, 
measured  with  system  charge  sensor.-  with  arsenic,  20  keV,  12 
mA  beam  Wafer  is  oxidised  to  500  nm 
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CLOSED-LOOP  CHARGE  CONTROL  SYSTEM 


Fig  6.  Block  diagram  of  PI9200  closed  loop  charge  control 
system. 


nunmerous  prtigrammable  limits  on  emission,  bias  volt¬ 
age.  sampled  signal,  etc.  If  the  flood  gun  fails  at  any 
time,  the  implant  is  halted  im.nediately. 

It  is  observed  that  the  implant  conditions  repre¬ 
sented  by  wheel  current  or  charge  signal  vary  dunng  the 
course  of  the  implant  enough  to  affect  the  device  yield. 
This  v.ination  occurs  in  the  first  few  scans  due  to 
adsorbed  air  and  water  vapour  released  by  the  ion 
beam,  and  also,  with  photoresist-coated  wafers,  due  to 
hydrogen  evolution.  A  closed  loop  system  such  as  de¬ 
scribed  above  can  significantly  reduce  these  effects 

6.  Summary 

We  have  described  the  design  of  a  system  for  an 
effective  control  of  charge  buildup  in  sensitive  devices. 


and  shown  that  both  wheel  current  and  charge  voltage 
measurements  are  effective  tools  in  adjusting  and  moni¬ 
toring  a  system  in  production.  A  closed  loop  control 
system  for  automatic  feedback  control  of  flood  gun 
emission  was  also  described. 
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Parallel  beam  ion  implanter:  IPX-7000 

Y,.  Mihara,  K.  Niikura,  O.  Tsukakoshi  and  Y.,  Sakurada 

VLVAC  Japan  Lid ..  2500,  Hagisono,  Chigasakt.  Kanagawa  253,  Japan 


As  the  wafer  size  increases  from  6  to  8  m.  and  device  integration  develops  into  4  and  16  Mbit  levels,  the  ability  to  provide  parallel 
beam  ion  implantation  becomes  more  important.  The  parallel  beam  ion  implanter,  1PX-7(X)0.  has  been  developed  by  ULVAC  Japan 
Ltd  ULVAC's  parallel  beam  scan  system  has  eliminated  all  mechanical  scan  drives  and  has  replaced  them  with  electrical  scanning  by 
multipole  parallel  scanner  This  paper  describes  the  basic  principle  of  our  parallel  scanning  system  and  the  performance  of  the 
IPX-7000 


t.  Introduction 

Since  the  first  appearance  of  medium  current  ion 
implanters,  their  baste  technology  has  remained  un¬ 
changed,  but  various  improvements  have  been  made  in 
the  design  of  endstations  for  better  reliability  and 
throughput  and  to  reduce  particle  contamination.  As 
the  wafer  size  increases  from  6  to  8  in.  and  device 
integration  develops  into  4  and  16  Mbit  levels,  the 
conventional  beam  scanning  ion  implanter  encounters 
difficulties  such  as  the  device  asymmetry  problem  and 
the  shadow  effect  caused  by  different  beam  incident 
angles  between  the  wafer  center  and  edge. 

ULVAC  has  developed  a  next  generation  medium 
current  ion  implanter,  IPX-7000  series,  with  parallel 
beam  scan  technology  and  solved  these  problems. 
ULVAC’s  parallel  beam  scan  system  uses  the  unique 


and  complete  parallel  scan  method  with  electrostatic 
scanning  and  it  eliminates  the  mechanical  scan  drives. 

2.  System  configuration 

The  IPX-7000  senes  is  a  successor  of  field-proven 
medium  current  ion  implanters.  with  a  new  parallel 
beam  scan  system  This  means  that  it  has  the  same 
configuration  as  our  enhanced  medium  current  im¬ 
planter.  1-7000  series,  which  features  improved  main¬ 
tainability.,  safety  and  ease  of  operation 

Tig.  1  shows  the  schematic  drawing  of  the  1PX-70(X) 
series.  It  has  the  same  post-acceleration  system  of  the 
medium  current  ion  implanter,  1-7000  senes,  but  in¬ 
cludes  two  .sets  of  multipole  electrostatic  parallel 
scanners  to  create  the  parallel  beam.  This  system  con- 
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Fig.  1  Schematic  drawing  of  the  IPX-7000 
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Fig.  2.  A  parallel  scanner. 


figuration  makes  it  possible  for  the  implante:  to  have 
any  type  of  endstation  designed  for  a  conventional 
medium  current  ion  implanter. 

3.  Parallel  scanner 

An  orthodox  method  to  perform  parallel  scanning 
would  be  a  scanner  comprising  two  sets  of  parallel-plate 
deflectors.  At  a  glance,  insurmituntable  difficulties  with 
this  parallel-plate  deflector  system  are  clear.  With  a 
parallel-plate  deflector,  the  available  scan  region  is  nar¬ 
rowed  due  to  the  disturbance  of  the  electric  field  at  the 
edge  portion.  The  width  of  the  parallel-plate  scanner  is 
necessitated  to  be  at  least  2IP  for  its  gap  of  consid¬ 
ering  the  half-gap  disturbance  of  the  electric  field  uni¬ 
formity  at  both  edges.  The  size  of  the  electrode  plates  of 
the  parallel-plate  scanner  would  then  necessarily  be  at 
least  50  cui  X  100  cm.  thus  making  the  system  huge. 
Since  the  electric  capacitance  between  the  electrode  and 
vacium  chamber  would  be  more  than  200  pF.,  this 
would  cause  serious  difficulties  in  the  design  of  the 
precise  power  supply  system.  This  is  because  the  distor- 


Fig.  3.  Circuit  diagram  of  the  parallel  scanner.  A;  dc  offset 
voltage;  U.  V:  raster  scanning  voltages. 


tion  of  triangular  waveforms  of  negative  feedback  power 
amplifiers  depends  on  the  product  FCR.  where  F  is  the 
frequency  of  the  scanning  voltage  waveform.  C  is  the 
capacitance  of  the  load  and  R  is  the  output  impedance 
of  the  amplifier. 

ULVAC  has  solved  these  difficulties  by  employing 
two  octupole  electrostatic  deflectors  of  configuration 
geometrically  similar  to  a  pai'allel  scanner.  The  first 
octupole  deflects  the  post-acce'erated  ion  beam  whereas 
the  second  octupole  corrects  for  this  deflection  of  the 
ion  beam  making  it  a  pa  allel  beam  with  a  definite 
direction  so  that  a  parallel  beam  scans  over  the  wafer. 

The  principle  of  this  “cctupole  parallel  scan"  is  as 
follows.  Shown  in  fig.  1..  the  post-accelerated  ion  beam 
IS  bent  about  7°  to  eliminate  neutral  particles  and  is 
also  deflected  by  the  first  octupole  electrostatic  deflec¬ 
tor.  The  second  octupole  deflects  the  ion  beam  in  the 
opposite  sense  and  makes  it  parallel  to  the  optical  axis. 
The  second  octupole  electrostatic  deflector  is  disposed 
co-axially  along  the  beam  axis  at  the  rear  of  the  first 
octupole,  and  the  corresponding  electrodes  of  the  first 
and  the  second  octupole  deflectors  are  aligned  to  each 
other  as  shown  in  fig.  2  (the  1°  deflection  is  not  shown 
in  the  figure). 

The  first  and  the  second  octupole  electrostatic  de¬ 
flectors  comprise  eight  electrodes  respectively.  Each  of 
the  electrodes  is  electrically  connected  as  shown  in  fig.  3 
and  supplied  with  scanning  voltages  by  eight  power 
sources  each  of  which  generates  an  electrostatic  deflect¬ 
ing  voltage  and  constitutes  a  scanning  control  system 

The  raster  scanning  component  of  the  parallel 
scanner  is  discussed  but  the  7°  deflection  is  not  in¬ 
cluded  in  the  following  discussion.  It  is  assumed,  as 
shown  in  fig.  4,  that  the  diameter  and  the  length  of  the 
first  octupole  are  d,  (cm)  and  L,(cm),  respectively,  the 
diameter  and  the  length  of  the  second  octupole  are 
djicm)  and  L2(cm),  respectively,  and  the  distance  be¬ 
tween  the  first  and  the  second  deflector  is  L(cm).  The 


Fig  4.  The  parallel  octupole  scanner  configuration. 
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Fig  5  Bquipotential  lines  of  the  octupole  scanner  calculated  by  FEM  (a)  at  90  “  deflection,  (b)  at  102  5  °  deflection 


electric  fields  in  the  first  and  the  second  deflector  at  the 
moment  considered  are  fifV/cm)  and  £2(V/cm),  re¬ 
spectively.  The  electric  fields  £,  and  are  assumed  as 
parallel  and  opposite  in  direction.  The  e.xit  angle  of 
at  the  outlet  sides  of  the  first  octupole  is 

tan(9,  =  £,£,/2t/o.'  (1) 


Fig  6.  Parallelism  measurement. 


and  62  for  the  second  octupole  is 

[an  62  =  E^L^/lUo- E2L2/2U^,.  (2) 

Here.  ^,(eV)  is  the  beam  energy  at  the  entrance  of  the 
fust  deflector  In  this  case,  if  the  relation 
£,£,/2Lij  =  £2£2/2H,.. 
namely, 

E)L\  =  £2^2-'  (^) 

IS  satisfied,  it  follows  that  tan  82  is  null,  and  the  condi¬ 
tions  for  the  parallel  sweeping  can  be  realized  If  the 
first  and  the  second  octupole  are  similar  in  configura¬ 
tion.  and  when  a  voltage  U  is  applied  to  the  electrode 
(1-1)  of  the  first  octupole  and  to  the  electrode  (2-5)  of 
the  second  octupole.  a  voltage  V  to  the  electrodes  (1-3) 
and  (2-7).  and  a  voltage  {U  +V)/i{i  to  (1-2)  and 
(2-6).  and  so  on  (.see  fig  3).  the  electric'  fields  £,  and 
£1  produced  in  the  first  and  the  second  octupole. 
respectively,  are  parallel  to  each  other  but  opposite  in 
direction,  and  are  represented  by  the  following  equa¬ 
tions: 

E2  =  ki(U"+  V~)  /d2  (4) 

As  the  first  and  the  .second  deflector  are  similar  in 
configuration,  the  following  relation  is  obtained: 

L,/d,=L2/d2.  (5) 

From  eq.  (4)  the  following  equation  is  obtained: 

£,</,  =  £2c/2  =  k]J{U^+  V^)  .  (6) 

From  eqs.  (5)  and  (6).  the  following  relation  is  ob¬ 
tained. 

£,£i  =  E2L2.. 

Thus  the  parallel  sweeping  condition  of  eq.  (2)  is  satis¬ 
fied. 
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Fig  7.  Sheet  resistance  map  of  100  keV  "p*.  1  x  10'“  lons/cm’  implant  on  150  mm  bare  silicon  wafers  at  7°  tilt  angle  (a)  Without 

rotation,  o/p^  =  0  455%.  (b)  with  rotation  (60  rpm).  o/p,  =  0  298%, 


The  electrode  structure  has  been  optimized  by  exten¬ 
sive  computer  simulation.  Fig  5  shows  computer-simu¬ 
lated  equipoteiitia!  lines  in  an  octupole  electrostatic' 
deflector  for  the  deflection  directions  of  90°  and  102.5°. 
The  diagram  shown  in  fig.  5b  is  the  case  that  the 
voltages  U  and  V  arc  selected  to  rotate  the  electrical 
field  by  12.5°  from  fig.  5a.  The  deflection  angle  of  the 
beam  is  easily  controlled  by  means  of  changing  the 
applied  voltages  of  electrodes.  For  any  value  of  the 
deflection  angle,  the  octupole  electrostatic  deflectors 
can  produce  a  unifoi  m  electric  field  which  prevails  over 
a  range  of  70%  of  the  diameter  in  the  deflection  direc¬ 
tion 


4.  Performance  results 

4. 1.  Parallelism  measurement 

The  parallelism  of  the  scanned  beam  on  a  6  in  wafer 
was  measured  by  placing  a  6  in.  mask  plate  with  2  mm 
holes  at  25  mm  space  at  a  distance  of  500  mm  from  the 
platen  as  shown  in  fig  6.  The  mask  plate  is  set  per¬ 
pendicular  to  the  optical  axis,  and  a  white  flat  paper  is 
placed  on  the  platen  holder  at  0  °  implant  angle.  A  200 
pA,  115  keV  Ar^  beam  was  scanned  over  the  mask 
plate  with  the  octupole  parallel  scanner  for  several 
minutes  to  make  a  brown  burned  ma.sk  pattern  on  the 
paper.  The  parallelism  of  the  beam  is  measured  by 
comparing  the  location  of  burned  spots  on  the  paper 
with  the  pattern  of  the  mask  plate..  The  maximum 
deviation  from  the  exact  parallelism  was  0.2°  at  the 
circumference. 

4.2.  Uniformity 

The  IPX-7000  has  a  spcvmcation  for  uniformity  of 
o/Ps  <  0.75%  whithout  wafer  rotation  and  o/p^  <  0.5% 


with  continuous  wafer  rotation,  where  o  is  the  standard 
deviation  of  the  sheet  resistance  for  one  wafer  and  is 
the  average  value  of  the  sheet  resistance  for  that  wafer 
A  typical  example  is  shown  in  fig  7  for  a  100  keV 
beam  at  a  dose  of  1  X  10'“  lons/cm’  on  a  150  mm  bare 
wafer  at  7°  implant  angle  The  sheet  resistance  map 
was  measured  after  a  900  "C...  .10  mm  anneal  with  the 
four-point  probe. 

4  J  Beam  mea.surement 

The  beam  mea.surement  depends  on  its  endstation 
type  Basically,  it  is  the  .same  as  that  of  the  conventional 
medium  current  ion  implanter  There  are  two  methods 
to  measure  the  dose  One  is  the  common  way  which 
measures  the  dose  directly  by  putting  the  wafer  at  the 
end  of  the  electrically  isolated  Faraday-cup  In  the 
other  method  the  dose  is  monitored  by  an  additional 
Faraday  system  in  the  periphery  of  the  platen.  The  total 


Fig.  8.  Parallel  monitor. 
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Fig.  9  Beam  .spot  monitor 


dose  on  tlif  wtifcr  is  calculated  from  the  accumulated  with  ca.s.sctte-to-ca.ssette  loading.  The  wafers  are  han- 

beam  current  of  the  additional  Farada>  system  In  this  died  gently  with  a  beltless  transfer  .system  in  air  and 

case  the  wafer  is  located  at  the  ground  le\cl  potential.  with  a  swing  arm  mechanism  in  the  vacuum  The  speci- 

In  both  cases,  convenient  monitoring  is  available  to  fication  of  the  particulates  is  a  maximum  of  ,30  particles 

.  ,.ck  the  beam  parallelism  on  the  oscillo.scope  (fig  8),  of  0.3  gm  or  more  on  a  6  in.  wafer  According  to  the 

The  16  spots  in  the  picture  are  the  beam  spots  reaching  field  data,  it  is  around  10  particles  of  0  3  gm  or  more  on 

through  doubly  aligned  1  mm  diameter  apertures  located  a  6-in  wafer 

around  the  mask  Also,  another  convenient  feature  is 
avsulable  to  check  the  shape  of  the  beam  spot  Fig  9 
displays  the  various  shapes  of  the  beam  spot  when  the 

voltages  of  the  Q-lens  are  adjusted.  5.  Control  systtm 

4  4  PariKidate  The  machine  is  operable  with  the  control  of  a  com¬ 

puter  with  the  following  features. 

As  stated  in  the  system  configuration,,  the  end-sta-  (a)  The  .system  is  fully  automated  in  vacuum  sequence, 
tion  of  lPX-700()  is  the  same  as  that  of  the  other  ion  .source  adjustment,  beam  adjustment  and  ion 

medium  current  ion  implanters  which  use  vacuum  locks  implantation 
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(b)  The  instrumental  conditions  can  be  comprehended 
at  a  glance  on  an  easy-to-see  monitor  display. 

(c)  Automatic  beam  adjustment  has  the  capability  to 
optimize  the  waveform  of  the  beam  scan.  Besides,  a 
learning  function  is  incorporated  for  automatically 
memorizing  the  parameters  necessary  for  waveform 
adjustment. 

(d)  Even  a  novice  can  operate  the  implanter  by  a  con¬ 
venient  interactive  entry  method. 


(e)  The  data  logging  function  stores  the  process  data 
required  for  product  and  process  control. 

(0  Maintenance  information  is  offered  to  facilitate 
maintenance  of  the  implanter. 

(g)  Operation  is  completed  just  by  inputting  the  re¬ 
cipes. 

(h)  Communication  with  the  host  computer  system  is 
available. 
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A  system  and  performance  overview  of  the  EXTRION  220 
medium-current  ion  implanter 

Michael  W.  Pippins 

I’anan  Ion  Implant  Systems,  Blackburn  Industrial  Park,  Gloucester,,  MA  0I9.W,  USA 


The  EXTRION  220  was  the  first  parallel  scan/200  mm  senal  medium-current  ion  implanter  introduced  to  the  market  (May  of 
1987)  Since  1987,  the  EXTRION  220  has  been  utilized  in  advanced  device  development  and  production  Performance  enhancements 
deseloped  for  advanced  applications  in  the  areas  of  particulate  reduction  and  beam  puri'y  are  discussed  The  paper  begins  with  a 
description  of  the  basic  EXTRION  220  design. 


I..  Introduction 


The  EXTRION  220  was  introduced  in  May  of  1987 
as  the  first  parallel  scan  serial  medium-current  ion 
implanter.  Since  1987,  more  than  thirty  systems  have 
been  shipped  into  development  and  production  applica¬ 
tions  The  basic  EXTRION  220  design  is  reviewed  in 
this  paper  along  with  performance  enhancements  in  the 
areas  of  particle  and  energy  contamination. 

2.  A  description  of  the  EXTRION  220  medium-current 
ion  implanter 

The  EXTRION  220  is  a  serial  medium-current  ion 
implanter  which  utilizes  a  hybrid  scanning  .system  to 
create  a  parallel  beam  capable  of  uniformly  implanting 
wafers  from  100  mm  to  200  mm  tn  diameter  A  parallel 
beam  is  electrostatically  scanned  in  the  A'-axis  (horizon¬ 
tal)  at  1  kHz  while  the  platen  is  mechanically  scanned 

BEAM  STOP 
BEHIND  rARGET 


in  the  T-axis  (vertical)  at  0.5  Hz  A  fixed  Faraday  is 
positioned  at  one  side  of  the  moving  platen.  This  Fara¬ 
day  samples  the  ion  beam  once  every  millisecond  during 
the  electrostatic  scan  of  the  parallel  beam.  Fig.  1  il¬ 
lustrates  this  hybrid  scanning  technique. 

2.  /  Beamline 

Fig  2  illustrates  the  beamline  layout  for  the  EX¬ 
TRION  220  The  system  utilizes  a  Freeman  ion  source 
to  extract  the  ion  beam  at  variable  energies  up  to  40 
keV  The  beam  is  mass  analyzed  with  a  100°  magnet 
prior  to  being  focu.sed  and  .scanned. 

Conventional  medium-current  implanters  accelerate 
the  ion  beam  to  the  final  energy  between  the  analyzer 
magnet  and  the  focusing  elements.  However,-  the  EX¬ 
TRION  220  utilizes  a  post  acceleration  technique  which 
focuses  and  scans  the  beam,  at  extraction  potential, 
prior  to  acceleration  Becau.se  the  beam  is  at  extraction 
potential  (low  energy),  focusing  can  be  performed  with 
a  magnetic  quadrupole  doublet  which  is  external  to  the 
beamline.  This  magnetic  quadrupole  is  highly  reliable 
and  eliminates  the  multiple  high-voltage  feedthrough  of 
the  conventional  electrostatic  focusing  plates  Electro¬ 
static  .scanning  is  performed  m  the  horizontal  axis  with 
a  unipolar  deflector.  A  significant  gain  in  low-energy 
beam  current  is  obtained  via  the  post  acceleration  tech¬ 
nique  The  beam  current  specification  for  5  keV  B^is 
500  (iA.  which  can  be  compared  to  le.ss  than  50  /r  A  for 
some  conventional  designs. 

2  2  Purutiei  .Man 

The  horizontal  scan  of  the  EXTRION  220  is  achieved 
by  the  combination  of  an  electrostatic  deflector  and  a 
non-uniform  field  dipole  magnet.  This  dipole  magnet 
has  been  designed  to  convert  the  angular  electrostatic 
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ENDSTATION 


Fig  2  EXTRION  220  beam  line  layout  with  ion  trajectones  beam  is  labeled  C,  and  *  contaminant  beams  are  labeled  A  and  B). 


scan  into  a  parallel  scan  by  varying  the  magnet  field. 
The  accuracy  of  beam  parallelism  has  been  measured  by 
utilizing  two  plates  containing  identical  patterns  of 
vertical  slits  installed  in  the  EXTRION  220  endstation. 
The  first  plate  is  fixed  in  the  endstation.  The  second 
plate,  separated  by  a  fixed  distance  from  the  first,  can 
be  manipulated  in  the  X-axis  with  a  micrometer  screw. 
A  beam  transmitted  through  the  pair  of  slits  can  be 
measured  with  a  Faraday  plate.  This  test  configuration 
is  illustrated  in  fig.  3.  An  ion  beam  can  be  steered 


FIXED  MOVABLE  FARADAY 

SLITS  SLITS  PLATE 


L 

Fig.  3.  Method  used  to  measure  deviation  of  beam  scan  from 
parallel. 


through  the  slits  in  the  first  plate  by  varying  the  dc 
voltage  on  the  electrostatic  deflector.  The  second  plate 
can  then  be  moved  to  a  position  which  maximizes  the 
beam  transmission  to  the  Faraday  plate.  The  parallel¬ 
ism  of  t.iC  beam  can  be  measured  as  a  function  of  the 
position  of  the  second  plate  and  the  relative  movement 
required  to  optimize  transmission  [1]. 

Measurements  have  been  made  for  40  keV  As'*'  and 
B  *  using  this  measurement  technique.  Fig.  4  illustrates 
that  the  beam  deviation  for  across  a  200  mm  wafer 
field  is  <  0.4°,.  and  the  deviation  for  As*^  across  a  200 
mm  water  field  is  <0.3°. 

After  the  beam  has  been  analyzed,  focused,  scanned 
and  corrected  to  parallel,  it  is  accelerated  up  to  200  keV 
with  a  large  slotted  column  This  column  has  been 
designed  to  maximize  the  vac.  im  conductance  (the 
internal  dimensions  are  16  in.  in  width  and  3  in.  in 
height).  This  design  eliminates  many  vacuum  problems 


X  (cm) 

Fig  4.  Deviations  from  parallelism  of  40  keV  and  As  *. 
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associated  with  poor  conductance  of  previous  column 
designs. 

2.3  Dosimetry 

The  dosimetry  system  of  the  EXTRION  220  .samples 
the  beam  every  millisecond  as  the  beam  is  overscanned 
in  the  Af-axis  into  a  fixed  Faraday,  see  fig.  1.  This 
measurement  technique  allows  the  dosimetry  system  to 
correct  any  changes  in  beam  current  during  implant  by 
varying  the  scan  rate  of  the  electrostatic  deflector  (2). 

2.4  EndstaUon 

The  endstation  of  the  EXTRION  220  has  been  de¬ 
signed  to  perforin  all  wafer  handling  in  the  high  vacuum 
environment.  Fig.  5  illustrates  the  endstation  layout. 
Cassettes  are  first  loaded  into  the  elevator  chambers 
and  are  pumped  to  high  vacuum  with  two  cryopumps. 
The  elevators  function  as  loadlocks  and  are  the  only 
chambers  in  the  endstation  that  are  routinely  vented 
and  pumped  down.  After  the  elevators  have  been 
pumped  down  to  high  vacuum,  the  isolation  valves  open 
and  the  ele'  ators  are  exposed  to  the  wafer  handler  and 
target  chamber. 

All  wafer  handling  in  the  EXTRION  220  is  per¬ 
formed  with  a  backside  pick-and-place  technique,  utiliz¬ 
ing  two  wafer  handlers  which  work  simultaneously  dur¬ 
ing  implant.  Linear  movement  of  the  wafer  handler  is 
used  to  transport  the  wafers  from  the  cassettes  to  the 
orient/centering  station.  A  rotary  motion  of  the  same 
wafer  handler  is  utilized  to  precisely  place  the  wafer  on 
the  platen  after  orientation. 

The  EXTRION  220  utilizes  a  single  platen  design 
which  IS  capable  of  implant  tilt  angles  from  0  to  90° 
The  tilt  angle  is  achieved  by  rotating  the  platen  on  a 
45°  head  shaft  as  illustrated  in  fig.  6.  Once  the  wafer 
has  rotated  to  the  desired  tilt  angle,  mechanical  scan- 


ION  eCAM 


CLEANKCOM  BULKHEAD 

•  SO  wafer  load  tn  high  vacuum 

•  Gentle  backside  handling  using  p«k  and  P>att 


devices  in  vacuum 

•  All  mechanisms  located  below  the  twafer  plane, 
shielded,  and  never  vacuum  cycled 

Fig  5  Schematic  of  the  EXTRION  220  endstation. 


Fig  6  EXTRION  220  rotaling  platen 


ning  begins.  Wafers  can  be  rotated,  in  discrete  steps, 
during  implant  with  the  rotating  platen.  The  linear 
movement  of  the  mechanical  scan  is  driven  by  a  linear 
stepper  motor  in  combination  with  an  air  bearing. 
Vacuum  sealing  of  this  air  bearing  is  achieved  by  means 
of  a  senes  of  empty  groove  differentially  pumped  stages 
This  non-contact  mechanism  is  maintenance  free  and 
extremely  reliable  [3]. 

3.  Contamination 

A  key  technical  challenge  for  ion  implanters  in  the 
1990s  will  be  contamination  control.  As  device  geome¬ 
tries  shrink  to  levels  unimaginable  just  a  few  years  ago, 
the  impact  of  contamination  in  the  form  of  particles, 
metals  and  energy  will  require  better  control  on  ion 
implanters.  Varian  has  implemented  development  pro¬ 
grams  in  strategic  contamination  areas  in  order  to  satisfy 
the  contamination  requirements  for  present  and  future 
applications. 

3.1.  Particles  contamination 

Extensive  engineering  effort  has  gone  into  the  reduc¬ 
tion  of  particle  contamination  m  conventional  medium- 
current  implanters  where  wafer  handling  is  performed 
in  atmosphere  and  each  wafer  was  individually  pumped 
and  vented  [5],  Even  though  progress  was  made,  it  was 
determined  by  the  EXTRION  220  design  team  that 
present  and  future  requirements  in  the  area  of  par 
ticulate  control  warranted  a  fundamental  concept 
change.  Thus,  the  EXTRION  220  was  designed  with 
high  vacuum  wafer  handling  techniques  [4], 

The  basic  design  philosophy  of  the  EXTRION  220 
endstation  has  been  selected  as  based  on  the  reality  that 
complete  elimination  of  all  potential  particle  sources  in 
the  endstation  is  not  economically  feasible  today.  In¬ 
stead.  the  EXTRION  220  has  been  designed  to  mini- 
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mize  and  strategically  locate  all  particle  sources  in  a 
controlled  (high  vacuum)  environment. 

The  basic  design  philosophy  of  the  EXTRION  220  is 
summarized  below: 

(1)  Two  cassettes  of  wafers  will  be  pumped  down  and 
vented  as  a  batch. 

(2)  All  wafer  handling  will  be  performed  m  the  high- 
vacuum  environment. 

(3)  Handling  of  the  wafer  will  be  performed  with  back¬ 
side  pick-and-place  techniques. 

(4)  All  handling  mechanisms  will  operate  below  the 
wafer  plane. 

(5)  The  handler  and  process  chambers  will  remain  in  a 
high-vacuum  environment  during  normal  operation 
Extensive  particle  measurements  on  the  EXTRION 

220  indicate  that  the  majority  of  particles  are  added 
during  the  elevator  (or  loadlock)  vent  cycle  [4).  Thus, 
engineering  programs  have  been  implemented  to  im¬ 
prove  particulate  performance  during  the  vent  cycle. 

The  results  of  implementing  a  point  of  use  filter  and 
a  polished  baffle  below  the  vent  port  are  promising.  As 
fig.  7  illustrates,  in  a  200  mm  production  environment 
which  operates  168  hours  per  week,  the  average  number 
of  0  3  (Jim  particles  (and  larger)  added  during  a  four-day 
experiment  was  4.6  (0.016  particles  per  cm“).  There 
were  no  unusual  cleaning  procedures  performed  during 
this  lest,  and  both  bare  and  resist  wafers  were  im¬ 
planted.  This  IS  well  below  the  EXTRION  220’s  specifi¬ 
cation  of  0.05  particles  per  cm^  at  0.3  |im  and  larger. 
While  further  particle  reduction  programs  are  planned 
to  satisfy  the  coming  0.2  (im  requirements,  the  initial 
0  3  gm  data  verifies  the  performance  of  the  EXTRION 
220  design  philosophy. 

3.2  Energy  contamination 

Doubly  charged  ion  beams  are  utilized  in  many 
applications  to  extend  the  energy  range  of  implanters.  A 


MEASUREMENT  NUMBER 

Fig  7.  Particles  added  on  200  mm  wafers  in  production 
environment. 


Fig.  8.  Beam  current  measurement  as  a  function  of  Faraday 
position.  Doubly  charged  mam  beam  and  singly  charged  con¬ 
taminant  beams  A  and  B  are  shown 


potential  disadvantage  of  doubly  charged  beams  is  en¬ 
ergy  contamination  where  the  beam  contains  ions  with 
different  energies  from  the  mam  beam.  Energy  con¬ 
tamination  results  in  changes  in  uniformity  and  dosime¬ 
try  problems  [6). 

A  technique  to  measure  energy  contamination,  prior 
to  implanting,  has  been  developed  on  the  EXTRION 
220.  Energy  contaimnation  is  caused  by  interaction  of 
residual  gas  molecules  and  the  ion  beam.  As  fig  2 
illustrates,  there  are  three  sections  in  the  EXTRION  220 
beam  line  where  charge  exchange  occurs  (A,  B,  and  C), 
The  contaminant  beams,  that  are  created  in  these  areas, 
have  a  higher  magnetic  stiffness  than  the  main  beam  [7], 
Thus,  the  contaminant  beams  will  be  deflected  less  than 
the  mam  beam  m  the  dipole  magnet  as  fig.  8  illustrates. 

The  fixed  Faraday  can  be  translated  across  the  X-axis 
of  the  end  station  to  measure  both  the  doubly  charged 
and  the  singly  charged  contaminate  ion  beams.  The 
relative  amount  of  energy  contamination  (EC)  as  a 
percentage  of  particles  can  be  calculated  with  the  fol¬ 
lowing  formula  [7] 

Thus,  the  EXTRION  220  can  measure  energy  con¬ 
tamination  (on-line)  prior  to  implantation.  Energy  con¬ 
tamination  has  been  measured  at  less  than  2%  (by 
particle  with  vaporizer  source)  on  the  EXTRION  220 
with  this  technique  [7].  This  technique  will  be  integrated 
into  a  future  version  of  the  standard  EXTRION  220 
soflwdie 

4.  Summary 

The  EXTRION  220  was  the  first  parallel  scan  serial 
medium-current  implanter  on  the  market.  With  more 
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than  thirty  systems  in  the  field,  many  in  advanced 
development,  extensive  application  experience  has  been 
obtained.  Experience  in  advanced  applications  has 
driven  application  and  performance  enhancements  in 
the  areas  of  particle  and  energy  contamination. 
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Advances  in  the  Extrion  1000  and  XP  Series  high-current  ion 
implantation  systems 

M.  Harris 

Vanan  Ion  Implant  Systems,  Gloucester,  Massachusetts  01930.  USA 


During  the  past  decade,  ion  implantation  systems  have  evolved  from  labor-intense,  novel  machines  in  the  manufacturing 
environment  to  automatic,  highly  productive  manufacturing  tools.  Performance  advances  have  beer  made  in  several  areas'  wafer 
charging,  high-energy  operation,  BFj*  dissociation,  reliability  and  automation  of  the  machine  and  information  transfer  to  the  host 
computer.  The  changes  and  improvements  m  these  areas  are  discussed  for  the  Varian  High  Current  XP  Senes  and  the  EXTRION 
ItXK)  ion  implantation  systems 


1.  High  Current  XP  Series 

The  High  Current  XP  Series  of  implaniers  has  four 
models  differentiated  by  maximum  energy:  80XP, 
120XP.,  UOXP.  and  180XP.  The  four  models  are  basi¬ 
cally  similar,  with  small  differences  to  produce  the 
different  energy  levels.  Beam  generation  begins  with  a 
standard  hot-filament  ion  source  which,  coupled  with 
preanalysis  acceleratir.i,  produces  10  mA  of  arsenic  and 
phosphorus  beam  current  and  5  mA  of  boron  beam 
current  The  beam  scanning  is  a  hybrid  type  which 
magnetically  moves  the  beam  in  the  horizontal  plane  at 
the  slow  scan  speed  and  mechanically  moves  the  wafer 
in  the  vertical  plane  at  the  fast  scan  speed  A  neutral 
trap  IS  a  unique  feature  of  the  scanning  system  and 
helps  ensure  high-purity  beams.  A  Faraday  system, 
described  by  Outcault  et  al.  [1),  provides  <ir  .e  and 
uniformity  control  as  well  as  an  effective  environment 
for  wafer  charge  neutralization  The  versatile  Robotic 
Loading  System  (RLS-200).  a  second-generation  wafer 
handling  system,  safely  delivers  the  wafer  to  the  disc 
using  simple  motions  and  positive  wafer  positioning. 

The  High  Current  XP  Series  evolved  over  several 
years  from  the  “Ten”  Series  as  Varian  supported  over 
420  systems  in  the  production  environment.  Advances 
in  techniques,  technology, ^  and  designs  continue  to  be 
made  by  the  Varian  engineers.  Four  areas  of  advance¬ 
ment  will  be  described  here:  wafer  charging,  ion  source 
lifetime,  180  keV  operation,  and  Auto  Sequence  soft¬ 
ware. 

/  /  Wafer  charging 

The  evolution  of  wafer  charge  control  in  the  High 
Current  XP  Series  is  well  documented  in  other  paperc 
[2,3].  These  papers  describe  the  use  of  a  hot  filament 
with  an  extraction  grid  assembly  to  focus  and  extract  a 


large  quantity  of  primary  electrons  The  primary  elec¬ 
trons  impact  the  aluminum  Faraday  wall  producing 
copious  quantities  of  low-energy,  secondary  electrons. 
These  secondary  electrons  then  neutralize  the  charges 
on  the  wafer  surface,  both  directly  and  by  neutralizing 
.i'e  beam.  This  sy.stem  used  a  constant  primary  emission 
current  which  was  empirically  determined  for  each  de¬ 
vice  type.  While  successful  at  improving  yields,  this 
design  did  not  automatically  respond  to  vanations  in 
device  wafers  due  to  photoresist  and  oxides.  Also, 
changing  machine  parameters  such  as  system  pressure 
and  beam  spot  size  were  not  totally  accounted  for  with 
a  constant  emission  current. 

The  latest  advance  by  Varian  engineers  is  the  Auto 
Emission  Flood  system  for  the  High  Current  XP  Senes. 
The  core  of  this  newest  flood  system  is  the  “closed-loop” 
control  of  the  primary  emission  current  (fig.  1)  in  re¬ 
sponse  to  changing  conditions  on  the  wafer  surface.  The 
primary  emission  current  is  regulated  to  balance  the  net 
current  flow  to  the  disc'.  A  process  engineer  can  set  the 
net  disc  current  to  0  mA  and  the  primary  emission 
current  will  be  increased  or  decreased  automatically  to 
keep  the  net  disc  current  nulled.  The  net  disc  current 
can  be  set  for  each  device  type,  but  this  is  usually  within 
the  window  of  -  2  to  -f  1  mA. 

A  ^-Monitor  for  wafer  charge  sensing  is  also  availa¬ 
ble  on  the  High  Current  XP  Series.  This  feature  allows 
the  process  engineer  to  establish  an  understanding  of 
the  wafer  charge  level  during  the  implant.  A  capacitive 
sen.sor  picks  up  the  charge  on  the  wafer  surface  as  it 
rotates  by  on  the  di.se.  The  charge  is  fed  out  of  the  end 
station  chamber,  amplified  and  displayed  on  a  storage 
oscilloscope.  Calibration  of  the  Q-Monitor  with  a  fixed, 
known  voltage  allows  the  user  to  determine  the  relative 
charge  developed  by  the  beam  on  the  device  wafer.  A 
more  detailed  discussion  of  the  wafer  charging  system 
can  be  found  in  Mehta  et  al.  [4]. 
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Hig.  1.  Auto  eniii.sion  flooJ  control  schematic 


J.2  ISO  keV  operation 

The  High  Current  XP  Series  of  implanters  h;is  been 
extended  to  include  a  model  with  a  top  energy  of  180 
keV.  The  design  changes  to  the  160XP  were  straight-for¬ 
ward  and  included  the  Shikoku  high-voltage  power 


supply,  corona  rings  on  the  acceleration  column,  and  a 
stainless-steel  gas  box  with  4  in.  radii.  In  the  161-180 
keV  energy  range,  the  beam  .specifications  are  5  mA  of 
arsenic  and  phosphorus,  and  2  mA  of  boron  The  extra 
energy  capability  allows  process  engineers  more  flexibil¬ 
ity  in  assigning  implants  to  the  High  Current  XP  Series. 


(/) 

D 

O 

X 


0) 


c 

0) 

£ 

« 

il 


m 

□ 

□ 


D 

m 

m 

n 

m 

m 


1  2  3 


Standard  Trial  l 
Standard  Trial  2 
Standard  Trial  3 
5  A  Arc  Trial  1 
5  A  Arc  Trial  2 

5  A  Arc  Trial  3 

6  A  Arc  Trial  1 
6  A  Arc  Trial  2 
6  A  Arc  Trial  3 
6  A  Arc  Trial  4' 


Filament  Life  Operating  Procedures 

Fag  2  Source  life  results  for  testing  with  a  5  mA  B  *  ion  beam. 
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1.3.  Ion  source  lifetime 

The  ion  source  lifetime  of  the  High  Current  XP 
Series  implanter  has  been  improved  by  a  factor  of  2  for 
standard  high-current  operation  and  by  a  factor  of  4  for 
a  nonstandard  hardware  configuration.  The  nonstan¬ 
dard  hardware  increased  lifetime  from  a  standard  of 
12-14  h  to  an  average  of  55  h  for  a  boron,  5  mA  beam 
current  at  100  keV.  The  limited  filament  lifetime  of  the 
Freeman  source  is  due  to  the  high  plasma  densities  near 
the  filament.  In  order  to  improve  the  filament  lifetime, 
either  the  plasma  density  must  be  reduced,  or  the 
sputtenng  rate  per  plasma  ion  striking  the  filament 
must  be  reduced.  By  reducing  the  arc  voltage  of  the 
discharge,  the  sputtering  coefficient  for  incoming  ions 
can  also  be  reduced.  Calculations  showed  that  a  change 
of  ion  energy  in  a  BFj  discharge  from  120  to  60  V 
results  in  a  tenfold  reduction  in  the  sputtering  rate.  Fig. 
2  IS  a  graph  illustrating  the  improvements  in  source 
lifetime.  For  a  complete  description  of  this  work,  refer 
to  Walther  and  Outcault  [5], 


1.4.  Auto  Sequence 

Auto  Sequence  is  a  software  program  that  automati¬ 
cally  ties  in  the  end  station  selection  and  wafer  ex¬ 
change  procedures  with  implanting,  making  the  mac¬ 
hine  capable  of  complete  “hands-off  operation.  Once 
Auto  Sequence  is  engaged,  the  only  human  intervention 
required  is  the  replacement  of  wafer  cassettes.  Auto 
Sequence  is  engaged  by  depressing  one  or  both  of  the 
“load”  buttons  on  the  operator  control  panel.  Once 
engaged,  the  implanter  begins  to  process  wafers  from 
initial  loading  to  implant  and  on  through  wafer  ex¬ 
change  until  all  available  wafers  are  processed.  As  long 
as  wafers  are  supplied  to  the  loading  system,  the  process 
continues.  The  user  has  the  option  of  choosing  auto¬ 
matic  or  manual  beam  setup,  and  automatic  or  manual 
implant  start.. 


Fig.  3.  Extnon  1000  layout. 
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2.  Extrion  1000 

The  Extrion  1000  is  a  new  batch  ion  implantation 
system  utilizing  post-analysis  acceleration,  load-locked, 
horizontal,  wafer  handling,  and  dual  mechanical  scan¬ 
ning.  Special  features  and  an  advanced  control  system 
allow  for  real-time  process  control,  adaptive  control 
techniques,  and  extensive  built-in  diagnostic  and  failure 
prevention  capability.  Process  flexibility  is  attained 
through  control  over  wafer  orientation  (0‘‘-360°),  ad¬ 
justable  implant  angle  (0®-10°)  without  breaking 
vacuum,  wide  energy  range  (2-200  keV),  and  easy  wafer 
size  change.  High  beam  current  capability  and  an  effi¬ 
cient  wafer  handler  result  in  production  throughput  of 
180  wafers  per  hour  at  low  dose,  and  usable  high  dose 
throughput  at  doses  over  10“.  Designs  for  minimum 
parts  count,  extensive  use  of  modular  systems,  software 
self-analysis,  adaptive  control  techniques,  conservative 
component  rating,  and  life  testing  were  used  to  make 
for  a  reliable  and  inaintainable  system  [6]. 

The  Extrion  1000  was  designed  to  meet  the  several 
challenging  requirements  from  the  ever  changing  semi¬ 
conductor  processes  (fig.  3).  The  ion  source  is  a  cusp- 
type  design  to  optimize  dopant  species  output  with 
good  lifetime.  A  triple  crucible  vaporizer  uses  commer¬ 


Fig  4.  The  effx;t  of  extraction  energy  on  BFj*,;  5xl0“,.  70 
keV  implants. 


DEPTH  (micions) 

Fig.  5.  BFs^.,  5x10“  implants  with  the  extraction  energy  equal 
to  the  implant  energy  or  at  maximum  extraction  energy. 


cially  available  halogen  lamps  to  heat  the  three  cruci¬ 
bles.  The  beam  is  extracted  using  a  60  keV  potential. 
Immediately  following  the  extraction  electrode,  a  re¬ 
motely  controlled  variable  slit  can  throttle  the  beam  for 
stable  and  reliable  production  of  a  very  low  beam 
current.  Mass  analysis  is  performed  in  a  90°  magnet 
which  is  pumped  by  a  Varian  VHS  250  diffusion  pump 
at  the  source  and  a  1000  l/s  turbomolecular  pump 
mounted  at  the  mass  selection  slit  preceding  the  acceler¬ 
ation  tube.  The  acceleration  tube  is  a  high-conductance 
design  with  integral  strong  focussing.  This  is  especially 
useful  in  controlling  low  energy  transport  at  high  beam 
currents  [7]. 

The  dosimetry  system  features  real-time  dose  con¬ 
trol.  A  Faraday  system  mounted  in  front  of  the  wafers 
is  used  to  collect  beam  current  and  secondary  electrons 
while  retaining  the  electron  flood  wafer  neutralization 
electrons.  Extensive  pumping  in  the  process  chamber 
minimizes  neutral  production,  and  a  combination  of 
dual  bias  electrodes  and  a  magnetic  barrier  assures  good 
performance  under  photoresist  outgassing  conditions 
[8]. 

The  Extrion  1000  end  station  utilizes  three  indepen¬ 
dently  operated  vacuum  load  locks  to  introduce  semi¬ 
standard  plastic  cas.settes  into  the  vacuum  exchange  end 
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station.  The  load  locks  also  serve  as  elevators  to  permit 
wafer  picking  in  the  hoiizontal  plane.  Wafers  are  placed 
onto  ,1  horizontal  disc  via  a  two-pivot  robotic  arm. 
Before  the  transfer  to  the  disc  takes  place,  corrections 
are  made  for  orientation  and  centering.  Once  a  full 
batch  of  wafers  is  exchanged,  the  disc  rotates  up  to  the 
vertical  position  for  implant.  High-speed  scanning  is 
accomplished  by  disc  rotation  at  1200  rpm.  Slow  scan 
speed  is  done  by  rotating  the  scan  arm  about  a  remote 
pivot  point  located  in  atmosphere.  The  end  station 
maintains  slot-to-slot  and  cassette-to-cassette  integrity 
[9]. 

2.J.  Control  of  BF,  dissociation 

Over  the  last  several  years,  ions  have  been 

commonly  used  in  the  formation  of  shallow  P-type  ion 
implanted  layers.  The  earliest  applications  of  BFj^  were 
driven  by  the  higher  beam  currents  available  for  BFj*' 
versus  those  achievable  for  the  equivalent  energy  B^ 
implant  which  is  11/49  of  that  required  for  BFj*'.  As 
time  progressed,  commercially  available  ion  implanters 


started  to  provide  increasingly  higher  beam  currents  of 
low-energy  boron,  but  the  demand  for  BFj"  implants 
remained  high  and  it  now  appears  that  BFj^  will  con-- 
tinue  to  be  the  species  of  choice  in  the  fabrication  of 
shallow  P'^  junctions  or  the  next  generation  of  devices. 

The  literature  cites  several  possible  reasons  for  the 
continued  popularity  of  BF2*^ ,.  however,  there  also  have 
been  disadvantages  to  using  BFj^.  The  major  disad¬ 
vantage  has  been  associated  with  the  structure  in  the 
boron  profile  as  seen  by  SIMS,  which  extends  the  depth 
of  the  implant  far  beyond  the  desired  value,  comprom¬ 
ising  the  integrity  of  a  shallow  junction.  The  Extnon 
1000  uses  an  extraction  energy  of  60  keV  to  avoid  this 
problem.  Fig.  4  dramatically  illustrates  the  effect  of  the 
extraction  voltage  on  the  boron  profile.  As  the  extrac¬ 
tion  energy  is  decreased,  an  energy  contaminant  is 
observed  at  increasingly  larger  depths.  As  can  be  ob¬ 
served.  an  extraction  energy  of  60  keV  provides  a  clean 
profile  and  therefore  a  good  junction  for  shallow  im¬ 
plant  devices. 

Another  approach  to  solving  this  problem  is  to  do 
the  implants  with  the  extraction  energy  equal  to  the 


Fig.  6.  Automatic  ion  beam  control  screen. 
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Table  1 

Extnon  1000  low-dose  unifonnity  data  using  thermal-wave  measurements;  oxide  thickness  250  A,  implant  angle  7°,  orientation:  flats 
to  outside  of  disc 


Run 

no. 

Ion 

Energy 

[keV] 

Dose 

Current 

[pA] 

Thermal  wave 
(av.) 

T.W. 

(0  (%)) 

1 

B^ 

60 

2.5x10" 

1.5 

239.5 

0  21 

238.7 

0.18 

2 

B* 

2.5x10" 

1.5 

240.1 

019 

235.8 

0  18 

3 

B* 

60 

2.5x10" 

1.5 

234.2 

018 

232.0 

0.32 

4 

B* 

60 

2.5X10" 

1..5 

239  2 

0.19 

243.6 

0.18 

5 

B* 

60 

2.5x10" 

1.5 

239.8 

0.14 

241.5 

0.17 

implant  energy  (drift  mode  or  single-stage  acceleration) 
or  with  the  extraction  energy  as  large  as  possible.  Fig.  5 
contains  examples  of  SIMS  profiles  from  30,  50,  and  70 
keV  BFi  implants  using  extraction  energies  of  30,  50, 
and  60  keV  respectively.  The  profiles  are  clean  with  no 
discernible  energy  contaminant  peaks.  For  an  in-depth 
discussion  of  this  subject  see  Downey  and  Liebert  [10]. 

2.2.  Automation 

The  Extrion  1000  has  four  levels  of  software  control: 
manual,  automatic,  one  button,  and  lights  out.  The 
three  basic  screens  needed  to  operate  the  implanter  are 
the  ion  beam  tuning  screen,  the  wafer  handling  screen, 
and  the  process  control  screen.  In  the  manual  software 
level,  the  operator  has  detailed  control  over  the  oper¬ 
ation  of  the  machine.  The  operator  can  adjust  arc 
voltage  and  arc  current  as  well  as  load  wafers  from  a 
chosen  cassette  to  selected  locations  on  the  disc.  In  the 
automatic  software  level  (fig.  6),  the  operator  has  con¬ 
trol  of  higher-level  beam  functions  like  source  startup, 
production  setup,  and  ion  beam  shutdown.  Wafer  han¬ 
dling  in  the  automatic  level  consists  of  auto  wafer 
exchange  or  starting  the  schedulci  program.  The  sched¬ 
uler  program  is  a  supervisory  program  which  controls 
movement  of  wafers  through  these  steps:  roughing  of 
the  load  lock,  mitialiiration  of  the  cassette,  loading  the 
wafers  on  the  disc,  implanting  the  wafers,  unloading  the 
wafers  into  the  original  cassette  and  slot,  and  venting 
the  load  lock.  The  one  button  and  lights  out  software 
levels  are  complete,  but  depend  on  user  host  computer 
inputs  to  become  operational. 

2.3.  Universal  implanter 

The  Extnon  1000  was  pnmanly  designed  as  a  high- 
current  implanter,  however,  provisions  were  made  for 
providing  a  large  dynamic  range  to  be  compatible  with 
low  implant  doses.  Tb“  variable  slit  in  the  source  area 
and  a  tight  Faraday  d^  ^ign  allow  low-dose  implants  to 
be  performed  within  p;ocess  control  windows.  Table  1 


shows  data  from  boron,  2.5  X  10''.  60  keV,  implants 
with  excellent  uniformities  of  0.14-0.32%  as  measured 
by  thermal-wave  techniques. 

3.  Conclusion 

Performance  advances  have  been  discussed  for  the 
High  Current  XP  Series  implanters  and  the  Extrion 
1000  implanter.  These  advances  will  keep  the  implanters 
capable  of  meeting  the  most  stnngent  requirements  of 
today’s  semiconductor  processing  needs. 

References 

(Ij  R  Outcaull.  C.  McKenna.  T  Robertson  and  L.  Biondo, 
Proc.  6th  Int.  Conf.  on  Ion  Implantation,  1986,  Varian 
SEG  Report  No.  116  (1986)  p  5-8 

[2]  S.  Felch.  B  Basra  and  C  McKenna.  Microelectronic 
Manufactunng  and  Testing.  Vanan  SEG  Report  No.  153 

[3]  C.  McKenna,  B.  Pedersen.  J.K  Lee.  R.  Outcaull  and  S 
Kikuchi.  Proc  7th  Int  Conf  on  Ion  Implantation.  1988, 
Varian  SEG  Report  No  165  (1988)  p  492 

|41  S  Mehta.  R.  Outcaull.  C.  McKenna  and  A.  Heinonen, 
these  Proceedings  (8th  Int.  Conf  on  Ion  Implantation 
Technology.  Guildford,  UK,  1990)  Nucl  Instr  and  Meth. 
B55  (1991)  457. 

[5]  S  Walther  and  R.  Outcaull,  these  Proceedings  (8th  Int. 
Conf.  on  Ion  Implantation  Technology,,  Guildford.  UK. 
1990)  Nucl.  Instr  and  Meth  B55  (1991)  465. 

[6]  R.  Liebert.  S  Satoh.  A.  Delforge  and  E  Evans,  Proc.  7th 
Int  Conf.  on  Ion  Implantation  Technology.  1988.  Varian 
SEG  Report  No.  169  (1988)  p.  464. 

[7]  S.  Satoh,  T  Sakase,  E.  Evans  and  R  Liebert,  Proc  7th 
Int.  Conf.  on  Ion  Implantation  Technology,  1988,  Varian 
SEG  Report  No  161  (1988)  p.  612. 

[8]  R.  Liebert,  S.  Satoh,  A.  Delforge  and  E.  Evans,  Nucl. 
Instr.  and  Meth,  B37/38  (1989)  464. 

[9]  R.  Hertel,  A  Freytsis.  E.  Mears  and  A.  Delforge,  Proc. 
7th  Int.  Conf  on  Ion  Implantation  Technology,,  1988, 
Varian  SEG  Report  No.  159  (1988)  p  580. 

[10]  D.  Downey  and  R.  Liebert.  these  Proceedings  (8th  Int. 
Conf  on  Ion  Implantation  Technology,  Guildford,  UK, 
1990)  Nucl  Instr.  and  Meth.  B55  (1991)  49 


V  MACHINES 


434 


Nuclear  Instruments  and  Methods  in  Physics  Research  B55  (1991)  434-438 

North- Holland 


The  beam  performance  of  the  Genus  G-1500  ion  implanter 
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The  current  ion  beam  performance  of  the  Genus  G-1500  MeV  ion  implanter  is  described  in  this  paper.  Substantial  improvements 
of  beam  currents  have  been  realized  by  modification  of  the  hot-cathode  PIG  source  used  on  the  ion  implanter.  Approximately  250 
|jiA  of  "B”  and  1100  pA  of  ^’P"  are  routinely  achieved  at  the  injector  Faraday  cup  of  the  G-1500  system.  Typical  maximum  beam 
currents  of  boron  and  phosphorus  on  target  are  -110  pA  and  -  350  pA,  respectively.  Recent  results  of  acceleration  of  carbon, 
oxygen  and  silicon  are  also  described.  Finally,  the  result  of  unique  neutral-hydrogen-molecule  injection  into  the  tandem  accelerator  to 
obtain  H'*  on  the  target  is  given  in  this  paper. 


1.  Introduction 

The  high-energy  ion  implantation  process  has  be¬ 
come  increasingly  important  as  one  of  the  key  technolo¬ 
gies  in  the  fabrication  of  most  advanced  VLSI  (1).  Since 
the  first  shipment  of  the  G-1500  MeV  ion  implanter  in 
early  1988,  it  has  been  widely  accepted  as  a  production 
machine  for  low-  and  medium-dose  applications  at  en¬ 
ergy  ranges  from  40  to  3000  keV.  Moreover,  Genus  has 
made  a  continuous  effort  to  improve  beam  current 
output  and  stability,,  as  well  as  source  lifetime,  to  fur¬ 
ther  enhance  the  utility  of  the  G-1500  MeV  ton  im¬ 
planter  in  a  production  environment. 

The  results  which  are  given  m  this  paper  have  been 
obtained  as  a  result  of  this  effort 


2.  The  modification  of  the  ion  source 

In  fig.  !,•  the  hot-cathode  PIG  source  used  on  the 
G-1500  MeV  ion  implanter  is  shown  with  the  vaporizer 
assembly.  This  hot-cathode  PIG  source  has  a  circular 
extraction  aperture  instead  of  the  mote  usual  ribbon 


VAPORIZER 

ASSY 

(exploded  view) 


■  ARC  CHAMBER 


Fig  1.  Axial  hot-cathode  PIG  ion  source  ol  the  G-1500  MeV 
ion  implanter. 


shape,  mainly  because  the  beam  needs  to  go  through  a 
cylindrical  stripper  canal  in  the  tandem  accelerator. 
Since  a  detailed  discussion  of  the  ion  source  and  beam 
optics  was  given  in  previous  papers  [2-4],  only  the 
recent  source  modifications  will  be  described  here.  A 
primary  goal  of  this  effort  has  been  to  increase  boron 
beam  current  since  in  the  initial  Genus  source  boron 
current  was  relatively  low. 

Basic  modifications  of  the  source  are  as  follows:' 

(1)  the  material  of  the  extraction  cap  was  changed  from 
molybdenum  to  mild  steel  to  increase  the  magnetic 
field  in  the  vicinity  of  the  plasma  extraction  area  to 
enhance  dissociation  of  BF3  molecule.s; 

(2)  the  material  of  all  insulators  in  the  arc  chamber  was 
changed  from  alumina  to  boron  nitride  because  a 
considerable  amount  of  contamination  of  oxygen 
and  aluminum  10ns  into  the  source  plasma,  most 
likely  generated  by  an  interaction  of  excited  fluorine 
and  alumina,  was  found  to  reduce  the  fraction  of 
boron  beam  current  relative  to  the  extracted  beam 
current; 

(3)  the  anticathode  which  is  the  base  of  the  arc  cham¬ 
ber  IS  now  made  of  boron  nitride  instead  of 
molybdenum,  resulting  in  the  plasma  being  repelled 
toward  the  extraction  region  and  generating  higher 
plasma  density  in  the  extraction  region; 

(4)  the  anode  shape  was  modified  to  reduce  the  metal 
surface  area  significantly,  resulting  in  a  longer  life¬ 
time  due  to  less  interaction  between  the  source 
plasma  and  the  anode  surface  which  creates  flakes 
inside  the  arc  chamber. 

Based  on  these  source  modifications,  all  available  beam 
currents  have  been  increased  and  the  beam  output  of 
boron  has  been  nearly  doubled. 

Source  lifetime  has  been  measured  at  Genus  in  our 
source  test  stand  as  well  as  at  customer  sites.  Many 
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customers  report  more  than  150  hours  of  source  lifetime 
when  the  source  is  operated  continuously. 


3.  The  beam  performance 

3. 1.  Boron,  phosphorus  and  arsenic 

Measured  beam  currents  of  boron,  phosphorus  and 
arsenic  using  the  present  source  are  shown  in  table  1  as 
a  function  of  beam  energy. 

3.1.1  Boron 

As  can  be  seen  in  table  1,  approximately  100  jiA  of 
boron  is  available  at  a  broad  energy  range  from  200  to 
2400  keV  in  the  G-1500  MeV  ion  implanter.  The  maxi¬ 
mum  beam  transmission  of  boron  through  the  system 
was  found  to  be  approximately  50%.  In  fig.  2,  a  2  h 
boron  beam  stability  run  at  1.6  MeV  is  shown.  In  this 
case,  the  beam  current  on  the  target  was  81.0  |iA  at  the 
be''-inning  of  this  run  and  it  ended  at  83.7  gA,  and  five 
source-related  glitches  were  observed.  This  data  is  con¬ 
sistent  with  the  Genus  specification  of  less  than  10 
sparks  per  hour  and  with  a  variation  of  less  than  10%  of 
the  beam  current  over  two  hours. 

3  1.2  Phosphorus 

More  than  300  pA  of  phosphorus  is  now  easily 
achievable  on  the  G-1500  MeV  ion  implanter  with 
either  the  combination  of  the  present  source  and 
vaporizer,  or  phosphine  gas.  With  this  level  of  beam 
current,  the  full  mechanical  wafer  throughput,  for  ex¬ 
ample  140  wafers  per  hour  with  a  150  mm  wafer  size, 
can  be  met  up  to  the  high  dose  range  of  lO'^  cm~^. 

3.1  3  Arsenic 

Since  arsenic  is  not  widely  used  as  a  dopant  for  MeV 
implant  processes  because  of  its  large  stopping  power 
and  reduced  penetration  into  the  crystal,  tiie  beam 
performance  of  arsenic  with  the  present  source  has  not 
been  fully  evaluated,  but  a  maximum  beam  current  of 
200  pA  has  been  verified.  In  addition,  low-energy  ar¬ 
senic  beam  performance  was  recently  confirmed.  Previ¬ 
ously,  based  on  the  semi-empincal  foimula  of  the 
charge-slate  fractions  by  Greenway  [5],  the  arsenic  beam 
current  was  not  specified  at  an  energy  range  lower  than 
500  keV. 

For  arsenic  in  the  stripper  canal  region,  based  on  the 
direct  Coulomb  ionization  scheme,  one  would  not  ex¬ 
pect  multiple  ionization  of  both  target  and  projectile  at 
a  lower  collision  velocity.  For  example,  the  velocity  of 
arsenic  at  the  stripper  canal  is  less  than  the  equivalent 
velocity  of  2  keV/ama  to  obtain  a  final  energy  on 
targe'  of  less  than  200  keV.  .So,  one  may  not  expect 
multiple  electron  stripping  at  this  velocity  range.  How¬ 
ever,  It  is  well  known  that  molecular  autoionization  and 


dynamical  effects  [6]  are  very'  important  ionization 
mechanisms  especially  for  heavy-ion-atom  collision 
systems  in  the  low-velocity  region  in  which  a  quasimole¬ 
cule  is  formed  durni;  he  collision.  This  mechanism  of 
ionization  in  the  lo\'  ■',jlocity  legion  may  be  one  of  the 
major  reasons  why  l^iw-cnergy  arsenic  is  still  obtainable 
on  the  tandem  system  with  normal  operation. 

However,  Genus  is  also  investigating  another  ap¬ 
proach  to  enhance  beam  usability  on  the  tandem  system 
at  the  lower-energy  side,  using  negative  ions  directly. 
Details  of  this  are  described  m  an  accompanying  paper 

[7] . 

3.2  Carbon,  oxygen  and  silicon 

Feasibility  studies  for  carbon,  oxygen  and  silicon 
have  been  done  because  these  ions  are  also  important 
for  both  Si  and  GaAs  devices.  COj  gas  was  used  to 
generate  carbon  and  oxygen  ions,  and  SiF4  was  used  to 
generate  Si  ions.  Measured  beam  currents  of  carbon, 
oxygen  and  silicon  are  also  given  in  table  1  as  a  func¬ 
tion  of  beam  energy. 

3.2.1  Carbon 

In  fig.  3,  the  mass  spectrum  with  CO^  gas  running  is 
shown.  In  this  case.  146  pA  of  was  injected  into 
the  tandem  system  The  beam  transmission  through  the 
system  was  found  to  be  30-35%  for  carbon  charge  state 
1  which  is  approximately  10-15%  lower  ''lan  that  of 
boron,  and  charge  state  2  is  about  the  same.  Since  one 
may  be  able  to  compare  carbon  and  boron  almost 
directly  at  the  same  energy  because  of  a  mass  difference 
of  only  9%,  this  fact  may  be  attributed  to  the  difference 
of  electron  affinity  and  the  first  ionization  potential  of 
carbon  and  boron.  The  sum  of  the  electron  affinity  and 
the  first  ionization  potential  for  carbon  is  12.52  eV,. 
whereas  that  of  boron  is  only  8.57  eV. 

Since  the  extraction  voltage  was  30  kV  in  this  case, 
and  can  be  increased  up  to  40  kV,  one  may  be  able  to 
increase  the  beam  current  substantially,  even  though  the 
charge-transfer  efficiency  is  slightly  decreased  at  40  keV 

(8) .  In  addition,  the  use  of  CO  gas  as  a  source  feed 
material  would  be  expected  to  give  a  better  carbon  ion 
fraction  and  higher  beam  current  on  target  than  COi. 

5.2  2.  Oxygen 

Approximately  120  pA  of  was  injected  with 
CO2  as  the  source  gas.  As  can  be  see:i  in  fig.  3,  an 
oxygen  peak  which  originates  from  CO^  ion  dissocia¬ 
tion  inside  the  Mg  charge-exchange  canal  has  a  much 
higher  contribution  because  the  doubly  charged  transfer 
cross  section  of  oxygen  with  magnesium  increases 
steeply  as  the  collision  energy  decreases  in  the  energy 
region  of  several  tens  of  keV  [8].  Thus,  if  this  peak  was 
chosen  to  inject  into  the  G-1500  system,  the  oxygen 
beam  current  in  table  1  will  be  nearly  doubled 
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Table  1 

Measured  G-1500  beam  currents  [particle  pA] 


Energy  [keV] 

40 

100 

150 

200 

500 

800 

1100 

"b 

12 

27 

42 

83 

105 

112 

105 

31p 

42 

112 

188 

212 

296 

325 

316 

”As 

16 

37 

42 

101 

93 

138 

190 

'^C 

- 

- 

- 

38 

50 

53 

49 

ISq 

10 

- 

- 

25 

32 

35 

37 

^*Si 

- 

- 

- 

36 

45 

44 

41  (45) 

Energy  [keV] 

1400 

1500 

1600 

1700 

2000 

2400 

3000 

93 

- 

- 

94 

101 

111 

19 

31p 

271 

- 

- 

232 

244 

283 

111 

”As 

200 

- 

- 

201 

72 

80 

15 

'^C 

- 

45 

- 

39 

41 

8 

ISq 

- 

32 

- 

- 

25 

26 

8 

"^1 

36 (52) 

- 

32  (53) 

- 

58 

61 

20 

3.2.3.  Silicon 

A  significant  advantage  of  the  G-1500  system  in 
companson  with  standard  low-energy  ion  implanters, 
related  to  silicon,  ts  beam  purity.  Because  there  are  two 
steps  of  charge-transfer  processes,  one  being  negative- 
lon  formation  by  the  Mg  cell  and  the  other  being  the 
electron-stnpping  process  by  the  N2  stripper  canal,  it  is 
most  unlikely  that  an  N2  molecule  reaches  the  target,  so 
^"Si  can  be  used  instead  of  ^’Si. 

The  numbers  which  are  given  m  parentheses  in  table 
1  were  obtained  with  charge  state  2.  If  the  beam  trans¬ 
mission  of  phosphorus  and  silicon  were  compared  as 
boron  and  carbon  above,  one  notices  that  silicon  makes 


a  much  more  significant  contribution  in  charge  state  2 
at  this  energy  range,  probably  due  to  the  lower  first  and 
second  ionization  potentials  of  silicon  compared  to  those 
of  phosphoius. 

4.  Neutral  hydrogen  injection 

Historically,  protons  have  been  used  for  applications 
to  form  defect  layers  deep  inside  crystals.  A  disad¬ 
vantage  related  to  protons  on  the  tandem  system  is  its 
very  small  double-electron-capture  cross  section  (a  + 1  _,) 
at  several  tens  of  keV.  One  of  the  ways  to  circumvent 
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O  from  CO  dissociation  207  nA 


'’C  146  nA 


"o'  97  nA 


SOURCE  PARAMETERS 


niament  current 

Program 

200 

178 

A 

niament  voltage 

5.00 

V 

source  beam  current 

18  5 

18.0 

mA 

arc  current 

9.0 

58 

A 

arc  voltage 

55  2 

542 

V 

s(^enold  current 

2  72 

2.76 

A 

solenoid  voltaj^ 

2.4 

V 

gas  1 

15.3 

15.4 

% 

gaa2 

0.0 

00 

% 

gas  3 

0.0 

0.5 

% 

gas4 

1  0 

1.1 

% 

vaporizer  temp 

24 

67 

•c 

mass 

- 

10  6 

amu 

extraction  voltage 
analyzer  magnet  I 

30  3 

30  6 

kV 

29  097 

29.21 

A 

elec  sup  voltage 

- 

2467.6 

V 

elec  sup  current 

1.76 

preaccel  voltage 

90.2 

89  4 

kV 

Fig.  3.  Mass  spectrum  at  the  low-energy  Faraday  cup  with  COj  gas 


this  problem  ts  to  use  a  combtnation  of  the  H,  molecu¬ 
lar  ton  as  a  projectile  and  an  H2  gas  cell  [9J.  In  this 
work,  a  unique  method  of  injection  of  the  neutral 
hydrogen  molecule  into  the  tandem  system  has  been 
developed  to  obtain  H  *  on  target  for  the  first  time. 

With  this  method  of  neutral  beam  injection,  a  posi¬ 
tive  beam  is  extracted  from  the  source  and  mass- 
analyzed  by  the  90°  magnet.  After  mass  analysis  but 
before  the  entrance  of  the  tandem  accelerator,,  the  posi¬ 
tive  beam  is  converted  into  a  neutral  beam  by  passing 
through  a  gaseous  'arget  which  is  introduced  via  a  leak 
valve  and  effused  towards  the  beam.  For  the  hydrogen 
molecule  ion,  hydrogen-molecule  gas  was  chosen  as  a 
neutralizer.  Then,  the  neutralized  beam  is  injected  to¬ 
wards  the  high-voltage  terminal  with  the  energy  of  the 
extraction  voltage.  During  operation  the  preacceleration 
voltage  of  the  injector  is  shut  off  and  grounded.  When 
the  neutral  beam  reaches  the  high-voltage  terminal  of 
the  tandem  system,  a  portion  of  beam  is  ionized  by 
collisions  with  the  stripper  gas  inside  the  canal,  then 
repelled  to  the  ground  potential.  Hence,  the  final  energy 
of  the  injected  beam  is  primarily  the  sum  of  the  extrac¬ 
tion  voltage  plus  the  terminal  voltage.  Although  one 


Table  2 

Measured  beam  current  with  a  method  of  neutral-beam 
injection 


Energy  [keV] 
beam 

62 

120 

170 

220 

270 

320 

370 

current  [pA] 

35 

38 

35 

33 

30 

29 

28 

loses  the  energy  doubling  of  normal  tandem  operation, 
this  method  is  still  attractive,  because  no  negative-ion 
formation  is  needed.  Principally,-  species  like  nitrogen 
and  other  inert  gases  which  do  not  have  a  stable  nega¬ 
tive  binding  state  can  still  be  accelerated  up  to  high 
voltage  on  the  teimina! 

Very  prelirmnary  results  of  neutral  hydrogen  mole¬ 
cule  injection  are  shown  in  table  2.  In  this  case,  ap¬ 
proximately  3.  mA  of  the  positive  hydrogen  molecule 
ion  was  extracted,  and  about  40%  of  it  was  neutralized 
by  hydrogen  gas  which  was  introduced  at  the  low-en¬ 
ergy  pumping  box.  As  a  result  of  collisions  between 
neutral  hydrogen  molecules  and  nitrogen  molecules, 
protons  whose  momentum  is  half  that  of  initially  in¬ 
jected  neutral  molecules  were  produced  at  the  accelera¬ 
tor  terminal  and  repelled  to  the  ground  potential. 

It  should  be  emphasized  that  this  result  was  obtained 
without  any  modifications  to  optimize  this  neutral-beam 
injection  method.  Further,  it  should  be  mentioned  that 
an  actual  device  implant  has  been  done  with  this  method 
with  good  results. 

5.  Conclusion 

The  current  beam  performance  on  the  G-1500  MeV 
implanter  with  the  modified  axial  hot-cathode  PIG 
source  is  described  in  this  paper..  More  than  100  pA  of 
boron  and  300  pA  of  phosphorus  are  available  on  the 
G-1500  MeV  ion  implanter..  Also  the  results  of  studies 
of  C,  O  and  Si  and  the  unique  method  of  neutral-beam 
injection  are  given  in  this  paper. 
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Further  efforts  to  improve  the  beam  performance  of 
the  implanter  continue,  such  as  adopting  a  three-axis 
manipulator  for  the  beam  extraction  system  which  will 
enable  us  to  control  beam  optics  for  a  wider  variation  of 
plasma  densities  and  extraction  voltages. 
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The  demands  on  the  vacuum  pumping  system  for  ion  implanters  are  great,  particularly  with  those  used  for  substrate  doping  m  the 
semiconductor  industry.  The  pumps  must  generate  and  mamtain  contamination-free  conditions  at  appropriate  pressure  levels  and  be 
capable  of  handling  efficiently  a  range  of  highly  reactive  gases  and  products  Based  on  experience  with  some  commercial  ion 
implanters,  the  behaviour  of  conventional  pumping  systems  will  be  reviewed  and  the  use  of  newer  types  of  pumps  on  ion  implanters 
will  be  discussed. 


I..  Introduction 

Ion  implantation  is  a  versatile  and  highly-controlla- 
ble  technique  for  the  modification  of  surfaces  and  the 
synthesis  of  buried  layers.  In  the  manufacture  of  semi¬ 
conductor  devices,  tt  is  now  the  established  technique 
for  substrate  doping  [1].  Advanced  CMOS  devices  may 
require  up  to  eleven  implants  [2]  ranging  from  low 
energy  implantation  to  the  ion  beam  synthesis  of  buried 
Insulator  layers  which  requires  high  beam  currents.  A 


range  of  commercial  implanters  is  available  which  can 
provide  ion  doeses  in  the  range  10'°  to  lO”  cm“^  at 
energies  up  to  200  keV.  For  semiconductor  purposes, 
they  are  required  to  produce  a  range  of  species  effi¬ 
ciently  and  to  yield  products  accurately  dosed  over 
large  target  areas.  This  imposes  considerable  demands 
on  the  ion  optical,,  electronic  and  vacuum  systems  [2,3]. 
The  present  paper  reviews  the  behaviour  of  conven¬ 
tional  pumping  systems  on  commercial  ion  implanters 
for  substrate  doping  in  the  .semiconductor  industry.  It  is 


TMP/Diffusion  pump 
with 

TRIVAC  BCS/DRYVAC 


TMP/Cryo  pump 
with 

TRIVAC  BCS/DRYVAC 

Fig.  1 .  Configuration  of  a  typical  200  keV  ion  implanter. 
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based  on  experience  with  machines  from  various  manu¬ 
facturers  (Applied  Materials,  Eaton  Nova,  Varian).  The 
use  of  newer  types  of  pumps  will  also  be  discussed. 


2.  Ion  implanters 

Ion  implantation  involves  the  generation  of  ionized 
species  from  a  suitable  gas  or  vapour  source  and  their 
extraction  and  acceleration  towards  the  target.  Conven¬ 
tional  implanters  for  semiconductor  processing  are  de¬ 
dicated  machines,  optimized  to  implant  B,  P  and  As 
with  limited  beam  energy.  They  consist  of  several  sub¬ 
systems  (source,  extraction/ acceleration  areas,  target 
chamber  (see  fig.  1))  and  although  the  vacuum  levels 
within  these  systems  may  be  different,  the  demands  on 
the  vacuum  pumps  can  be  equally  great.  Contamina¬ 
tion-free  conditions  must  be  generated  and  maintained 
and  the  pumps  must  be  capable  of  efficiently  handling  a 
range  of  highly  reactive  (including  toxic  and  corrosive 
material)  gases  and  products.  Additional  problems 
which  arise  with  semiconductor  implanters  include 
charging,  contamination  due  to  sputtering  and  the  rapid 
evolution  of  hydrogen  from  the  substrates  [1). 

3.  Subsystems 

i.  1.  Ion  source 

The  ion  source  is  the  critical  component  in  im¬ 
planters;  a  beam  of  poor  emittance  cannot  be  rectified 
elsewhere  in  the  system.  In  the  source,  pressure  must  be 
maintained  in  the  range  10"^  to  10"*  mbar  in  tne 
presence  of  gases  such  as  BF3,  PH3,.  ASH3  (for  Si 
implantation)  or  Sip,,.  S1H4,  H2Se  (for  implantation  of 
Ill-V  compounds).  Without  exception,  these  com¬ 
pounds  are  highly  toxic  Some  (BFj,  SiF4)  are  corrosive, 
yielding  HF  in  the  presence  of  moisture,  whilst  others 
(PHj,  SiH4,  HjSe)  are  spontaneously  flammable  [4]. 
Particulates  may  also  be  generated  due  to  the  reaction 
of  some  of  the  gases  (BF,,  PHj)  with  adsorbed  oxygen- 
containing  species.  A  further  problem  can  arise  because 
of  the  intense  electromagnetic  fields  (associated  with  the 
ion  extraction  and  analysis  systems)  to  which  the  pumps 
are  subjected. 

In  the  ion  source,  argon  gas  may  be  used  under 
certain  circumstances  until  source  conditions  have 
stabilized  and  the  large  gas  load  presented  to  the  system 
demands  a  high  pumping  speed.  Combinations  of  oil- 
sealed,  two-stage  rotary  vane  pumps  (volume  rate  of 
flow,  40-70  m^  h  ')  with  either  diffusion  pumps  (~ 
5000  Is"')  or  turbomolecular  pumps  (~  1000  1  s"')  are 
typically  used  to  evacuate  the  source.  The  backing  pump 
is  the  critical  component  m  this  configuration  since  the 
performance  of  the  system  depends  on  its  efficiency.  An 


adequate  supply  of  oil  having  the  correct  properties  is 
essential  for  normal  pump  operation.  Because  of  the 
presence  of  high  concentrations  of  both  aggressive  gases 
and  solid  particles,  appropriate  measures  must  be  taken 
to  protect  the  pump  fluid  and  to  monitor  automatically 
important  parameters  such  as  oil  level  and  pressure, 
temperature,  etc.,  in  order  that  impending  malfunctions 
can  be  picked  up. 

Normal  hydrocarbon-based  pump  fluids  are  rapidly 
destroyed  by  the  effects  of  the  compounds  indicated 
and  it  is  necessary  to  use  more  stable  compounds. 
Perfluoroalkyl-  (PFAPE)  and  perfluoropolyethers 
(PFPE)  are  widely  used  on  account  of  their  relative 
chemical  inertness.  They  are,  however,  decomposed  in 
the  presence  of  Lewis  acids  (e.g.  BF,),  at  normal  pump 
operating  temperatures  (70-80°C).  Although  hydro¬ 
carbon-based  fluids,  doubly-distilled  to  remove  suscep¬ 
tible  components,  (“white  oils”),  can  be  used,  it  has 
been  shown  (see,  for  example,  ref.  [5])  that  PFPEs  can 
also  be  used  if  a  suitable  oil  filter  is  fitted  to  remove 
Lewis  acids.  Filters  containing  activated  alumina  incor¬ 
porated  within  the  oil  circulation  system  of  the  pump 
are  effective  adsorbants  for  a  range  of  compounds. 
Particulates  may  be  removed  using  other  appropriate 
filters.  Since  pump  fluids  can  dissolve  large  amounts  of 
gas,  including  hydrofluoric  acid,  considerable  care  must 
be  exercised  m  the  handling  and  disposal  of  used  filters 
and  oil.  The  problems  associated  with  arsemc  com¬ 
pounds  are  particularly  severe. 

Easily  hydrolyzed  gases  such  as  BFj  and  S1F4  can 
cause  severe  corrosion  problems  in  vacuum  systems  and 
the  ingress  of  water  vapour  must  be  prevented.  Apart 
from  system  leaks,  back-diffusion  of  ambient  air  from 
the  exhaust  lines  is  the  main  source  of  moisture.  This 
can  largely  be  prevented  by  the  incorporation  of  a 
moisture  barrier  system  [6]  in  the  exhaust.  Water  vapour 
from  other  sources  can  be  minimized  by  ensuring  an 
overall  leak-tightness  for  the  system  to  <  10"^ 
mbar  Is"'  at  the  normal  working  temperature.  The  con¬ 
tinuous  admission  of  an  inert  gas  (e.g.  Nj)  to  both  the 
pump  housing  and  the  pump  chamber  itself,  through 
the  gas  ballast,  is  invaluable  in  these  circumstances.  Not 
only  does  this  inhibit  the  back-diffusion  of  water  vapour 
but  It  also  reduces  considerably  the  accumulation  of 
reactive  and  toxic  gases  in  the  pump.  Finally,  in  order 
to  remove  small  amounts  of  lubricant  entrained  in  the 
gas  leaving  the  oil-sealed  pump,  exhaust  filters  are  fitted. 
By  removing  and  returning  lubncant  to  the  pump,  the 
consumption  of  oil  is  minimized.  Removal  is  not  com¬ 
plete,  however,  and  traces  may  pass  to  the  exhaust  gas 
where  they  can  adversely  affect  the  clean-u")  devices. 

The  efficiency  of  an  oil-sealed  pump  .'itted  with 
complex  protective  devices  (see  fig.  2)  can  only  be 
maintained  if  the  state  of  the  pump  is  closely  moni¬ 
tored.  Sensors  are  therefore  fitted  that  check  the  follow¬ 
ing: 
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Fig.  2  Diagram  of  a  protected  two-stage,  oil-sealed  rotary  vane  pump.  (A)  Pump;  (B)  chemical/physical  filter  system;  (C)  filters;  (D) 
inert  gas  supply,  (E)  exhaust  filter.  Protection  system:  (1)  pressure  difference  switch  (filter);  (2)  oil  pressure  switch;  (3)  inert  gas  flow 
switch;  (4)  pressure  switch;  (5)  connection  to  thermal  switch  (oil  temperature).  (6)  float  switch  (oil  level). 


(1)  pump  temperature, 

(li)  lubricant  level  and  temperature, 

(til)  inert  gas  flow, 

(iv)  the  condition  of  both  the  oil  and  exhaust  filters. 
Any  deviation  from  permitted  limits  is  immediately 
indicated  With  such  modifications,  oil-sealed  rotary 
vane  pumps  will  perform  with  great  reliability.  Indeed, 
a  recent  routine  examination  of  such  a  pump  after  six 
months  use  on  an  ion  implanter  revealed  its  excellent 
overall  condition. 

The  cost  of  maintenance  of  an  oil-sealed  pump  fitted 
with  complex  oil  filtration  and  monitoring  systems  is 
high.  Moreover  misused  or  inadequately  trapped,  these 
pumps  can  cause  significant  contamination  of  the 
vacuum  system.  Because  of  this,  considerable  effort  has 
been  expended  on  the  development  of  so-called  dry 
pumps  [7]  in  which  the  pumped  gases  are  compressed  in 
a  sealant-free  chamber.  Such  pumps  are  available  com¬ 
mercially  and  are  based  on  multi-stage  Roots-  or  claw- 
type  impellers.  A  four-stage  claw-type  dry  pump  typi¬ 
cally  has  a  maximum  pumping  speed  of  100  m^  h  ~ '  at 
~  1  mbar  and  an  ultimate  pressure  of  approximately 
10"^  mbar.  Lubricants  are  pre.sent,  of  course,  in  the 
gear  and  bearing  areas  but  they  are  separated  from  the 
pump  chamber  by  shaft  seals.  N2  may  be  admitted  to 
the  separate  pump  stages  in  order  to  improve  gas  flow 
through  the  pump..  This  also  inhibits  water  back-diffu¬ 
sion  but  transports  solids  to  the  exhaust  gas  purification 
system  where  they  may  cause  problems. 

The  use  of  dry  vacuum  pumps  as  replacements  for 
oil-sealed  rotary  pumps  on  vanous  parts  of  implanters, 
including  the  ion  source,  is  relatively  recent.  Experience 


IS  consequently  limited.  It  appears,  however,  that  they 
perform  efficiently  with  long  up-times  and  consequent 
low  maintenance  costs. 

Diffusion  pumps  are  used  extensively  to  evacuate 
implanter  ion  sources  but  they  may  cause  problems  due 
to  back-streaming.  Further,  the  pump  fluid  used  must 
be  compatible  both  with  the  process  gas  and  the  sealant 
in  the  backing  pump.  For  these  reasons,  diffusion- 
pumped  systems  will  probably  not  meet  future  demands 
for  cleanliness  and  will  become  unacceptable. 

Turbomolecular  pumps,  when  correctly  used,  pro¬ 
duce  clean,  high  vacua.  They  can  also  tolerate  high  gas 
throughputs  [8].  The  rotor  support  bearings  are  critical 
to  pump  operation  and,  in  the  presence  of  corrosive 
gases  and  particulates,  failure  can  occur  This  problem 
has  largely  been  eliminated  by  the  use  of  a  purge  gas 
system  whereby  a  gas  such  as  Nj  is  admitted  to  the 
motor  housing  in  such  a  way  that  there  is  a  continuous 
flow  of  gas  to  the  forevacuum  port  of  the  turbomolecu-; 
lar  pump.  By  correct  adjustment  of  the  purge  gas  flow 
(using  helium  as  a  tracer  and  a  quadrupole  mass  spec¬ 
trometer  as  the  sensor)  ingress  of  corrosive  material  and 
solids  can  be  prevented. 

3.2.  Beam  line 

The  ion  beam,  having  left  the  acceleration  tube,  must 
be  focussed  and  shaped  before  entering  the  target  area. 
In  this  region,  pressures  below  10~^  mbar  are  required. 
Undesirably  high  pressure  in  the  beam  line  can  lead  to 
ion  neutralization,  recombination  [3]  and  other  side 
reactions  such  as  dissociation  (mainly  of  BF2). 
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These  effects  increase  the  energy  contaminants  in  the 
beam  and  effect  the  implant  profile.  Further,  deflexion 
can  cause  sputtering  in  the  beam  line  and  subsequent 
contamination.  Sputtering  may  occur  at  the  resolving 
slit,  defining  apertures,  etc. 

Because  of  their  cleanliness  and  ability  to  produce 
low  pressure,  turbomolecular  pumps  or  cryopumps  are 
preferred  in  this  area.  Cryopumps  are  entrapment  pumps 
in  which  gases  are  held  on  surfaces  maintained  at 
approximately  10  and  80  K.  The  mechanism  of  trapping 
depends  on  the  gas.  It  usually  involves  cryocondensa- 
tion  (multilayers  formed)  or  cryosorption  (a  monolayer 
IS  formed  on  an  adsorbate  such  as  charcoal).  H2,  for 
ex, ample,  is  pumped  by  cryosorption  at  -  10  K.  Cryo¬ 
pumps  have  the  highest  speed  for  a  given  inlet  port 
diameter  of  all  the  high  vacuum  pumps.  A  possible 
disadvantage,  however,  is  that  their  pumping  capacity  is 
eventually  reached  and  regeneration  must  be  performed. 
Electrical  heaters  can  be  used  to  shorten  regeneration 
time  but  It  still  involves  -  5  h  down-time.  Evolved 
gases  are  usually  removed  by  a  suitable  backing  pump. 

i.i  Target  area 

Maintenance  of  pressure  in  the  range  10"’  to  10"" 
mbar  is  essential  since  beam  broadening  and  charge 
exchange  with  neutrals  can  lead  to  dose  error  The  main 
gas  sources  in  this  region  are; 

(i)  large  amounts  of  H2  released  due  to  the  interaction 
of  the  ion  beam  with  the  wafer  photoresist; 

(li)  water  vapour  introduced  by  wafer  handling. 

A  rapid  pressure  rise  (up  to  10"^  mbar  in  a  few 
seconds)  can  occur  due  to  hydrogen  evolution  and  it 
must  be  dealt  with  quickly.  Cryopumps  are  excellent 
pumps  for  both  Hj  and  water  vapour  and  are  widely 
used.  Their  capacity  for  hydrogen  is  limited,  however, 
by  the  area  of  cryosorbent  surface  available  and  regen¬ 
eration  will  be  necessary  at  intervals.  Modifications 


have  been  made  to  standard  pumps  by  in''reasing  the 
charcoal  loading  and  hence  the  capacity  for  Hj.  In  this 
way,  up-time  is  increased  significantly. 

Recently,  it  has  been  suggested  that  an  alternative  to 
the  cryopump  for  use  in  the  target  area  would  be  a 
turbomolecular  pump  fitted  with  a  cryobaffle  (at  ~  77 
K).  The  baffle  would  have  a  high  pumping  speed  and 
capacity  for  water  whilst  the  turbomolecular  pump  can 
deal  with  Hj. 


4.  Summary 

Vacuum  systems  currently  used  on  ion  implanters 
have  been  reviewed.  On  the  ion  source  combinations  of 
diffusion  and  suitably-protected  oil-sealed  rotary  pumps 
are  usual.  On  the  beam  line  and  target  area,  cryopumps 
are  used.  Due  to  the  accelerating  trend  towards  cleaner 
and  more  efficient  systems,  turbomoleci'iar  pumps,  in¬ 
evitably  backed  by  “dry”  vacuum  pumps,  are  being 
increasingly  applied.  Nitrogen-purged  turbomolecular 
pumps  are  suitable  for  the  ion  source  and.  fitted  with  a 
cooled  baffle  to  increase  pumping  speed  for  water,  they 
may  eventually  replace  cryopumps  in  the  beam  and 
target  areas. 
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The  PR-80A  has  been  developed  form  its  original  model  PR-80,  featuring  a  fully  automated  beam  shaping  system  for  the 
reduction  of  charging  on  wafers.  The  beam  shaping  control  has  been  realized  by  sophisticated  integration  of  such  improved 
componer  ts  as  an  ion  source,  an  extraction  electrode  system,  a  mass  analyzing  system,  and  a  machine  controller  The  ion  source  and 
extraction  electrode  system  has  been  designed  to  ensure  the  precise  and  reproducible  settings  The  mass  analyzing  system  has  a 
mechanism  which  automatically  adjusts  the  exit  pole-face  angle  according  to  an  implant  recipe  The  machine  controller  sets  the  beam 
shape  by  varying  the  extraction  gap  and  the  arc  current,  adjusting  the  normalized  perveance  of  the  ion  source  The  beam  shape  is 
monitored  by  the  beam  profile  monitor  The  system  is  interlocked  when  a  beam  has  an  unacceptable  width,  peak  density  or  offset  in 
position  The  performance  of  the  PR-80A’s  endstation  is  also  described 


I.  Introduction 

Wafer  charging  is  widely  acknowledged  as  one  of  the 
most  crucial  problems  which  degrade  the  performance 
of  a  high  current  ion  implantation  system.  Various 
types  of  electron  shower  system  have  been  proposed 
[1-3]  and  have  proved  to  be  useful,  but  they  are  not 
neces.sarily  satisfactory  l-or  instance,  the  yield  of  IC 
varies  day  to  day  even  in  the  same  implanter  settings 
We  suspect  that  one  of  the  major  causes  of  the  poor 
reproducibility  is  the  day-to-day  variation  of  the  beam 
shape  or  current  density  profile  on  the  wafer. 

The  PR-80A  has  been  developed  from  its  original 
model  PR-80  [4],  featuring  a  fully  automated  beam 
shaping  system  for  the  reduction  of  charging  from  the 
viewpoint  mentioned  above  Using  this  technique,  the 
PR-80A  provides  a  fixed  flattened  beam  density  profile 
at  the  target,  independent  not  only  of  the  operator  skill 
but  also  of  the  process  recipes  such  as  ion  species, 
energy,  beam  current,  etc. 

Another  major  feature  of  the  machine  is  i.s  endsta¬ 
tion,  which  satisfactorily  meets  the  user  requirements  of 
low  particle  performance,  factory  automation  compati¬ 
bility,  and  higher  availability  including  ease  of  mainte¬ 
nance.  In  this  paper,  we  describe  these  features. 


2.  System  configuration 

Fig.  1  shows  the  overall  view  of  the  PR-80A.  The 
footprint  is  reduced  to  three-fourths  of  the  PR-80’s 
without  les.sening  the  accessibility  to  the  components. 
The  endstation  has  been  changed  from  the  dual  cham¬ 
ber  to  a  single  chamber  concept.  The  components  for 


the  beam  generation  and  transport  have  been  improved 
to  obtain  “good  beam  profile”  at  the  target,  without 
altering  the  outer  view. 


3.  A  fully  automated  beam  shaping  system 

There  are  many  lactors  which  influence  the  beam 
shape  at  the  target.  These  are  classified  into  4  groups, 
group  T  parameters  of  the  ion  source; 
group  2;  parameters  of  the  analyzing  magnet; 
group  3..  parameters  of  the  space  charge  effect  along 
the  beam  transport  line; 

group  4;  parameters  of  the  apertures  set  in  the  beam 
line. 

3. 1  Parameters  in  group  1 

The  elements  of  group  1  are  the  normalized  per¬ 
veance  Pf^.  the  alignment  and  the  shape  of  electrodes 
for  beam  extraction,  the  source  magnet  current,  and  the 
time-varying  factors  such  as  the  filament  diameter  and 
the  accumulation  of  the  sputtered  material  in  the  arc 
chamber  and  so  on.  Among  these,  the  normalized  per¬ 
veance  Pf^.  which  is  a  function  of  the  extracted  beam 
current  extraction  voltage,  extraction  gap  and  extracted 
ion  species,  is  the  most  critical  factor  [5],  because  the 
extracted  beam  divergence  is  determined  approximately 
by  P^  only.  Therefore  the  fully  automated  beam  setup 
procedure  is  carried  out  to  adjust  P^^  to  an  appropriate 
reference  value  which  is  registered  in  a  tabulated  form 
in  the  machine  controller  and  is  automatically  selected 
according  to  the  recipes.  For  the  desired  beam  current, 
energy  and  mass  number,  the  reference  value  of 
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Fig  1  Plan  and  side  views  of  the  PR-80A  (1)  Ion  source,  (2)  driving  system  for  ex  electrode,  (3)  analyzing  magnet,  (4)  Faraday 
chamber,  (5)  disk  chamber,  (6)  air-lock  room,  (7)  wafer  slocker,  (8)  driving  disk  system,  (9)  control  console,  (10)  cryopump,  (11)  oil 
diffusion  pump,  (12)  ion  source  power  supply,,  (13)  distributor,  power  supplies  and  controllers,  (14)  insulating  transformer,  (15) 
extraction  power  supply,  (16)  source  gas  box,  and  (17)  cooling  system 


designates  a  certain  value  of  the  extraction  gap.  When 
the  designated  value  of  the  gap  cannot  give  the  refer¬ 
ence  value  of  the  gap  is  automatically  re-adjusted, 
keeping  the  beam  current  at  the  desired  value  and 
varying  the  arc  current  when  needed. 

The  alignment  of  the  cxti  action  electrodes  including 
the  arc  chamber  slit  mainly  governs  the  direction  of  the 
extracted  beam  and  consequently  the  location  of  the 
beam  at  the  target.  In  order  to  direct  the  beam  at  a 
fixed  position  on  the  target,  the  alignment  should  be 
done  very  accurately  with  precise  reproducibility,  espe¬ 
cially  when  reassembling  the  electrode  system  for 
maintenance.  The  ion  source  system  has  been  renovated 
as  follows.  A  new  driving  mechanism  for  the  extraction 


electrode  adopts  the  double  eccentric  gear.  A  jig  is 
provided  for  assembling  the  ion  source.  Alignment  pins 
for  mounting  the  ion  source  to  the  base  flange  and  the 
electrodes  to  the  base  plate  are  built  in  the  stuctures. 
The  accuracy  of  setting  the  electrodes  is  reproducibly 
obtained  as  shown  in  table  1.  In  the  automatic  beam 
setup,  the  transverse  location  and  the  tilt  angle  of  the 
extraction  electrode  is  set  in  advance  at  the  prescribed 
value,  and  readjusted  at  the  optimum  value  to  get  a 
maximum  beam  current. 

The  shape  of  the  extraction  electrodes  has  been 
modified  to  get  the  beam  uniform  in  the  vertical  direc¬ 
tion  at  tne  target.  The  curvature  of  the  arc  chamber  slit 
in  thf  vertical  direction  is  made  large,  so  that  the 
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Table  1 

Summary  of  the  components  and  their  performances  of  the  fully  automated  beam  shaping  system 


No. 

Components 

Performances 

1 

Ion  source 

Setting  accuracies 

Extractor 

(a)  Transverse  location:  s  ±0.05  mm 

Positioning  system 

(b)  Tilt  angle:  S  ±0.1° 

(c)  Gap  length:'  S  ±0.25  mm 

(d)  Twist  angle:  ^±0.2° 

Curved  arc-chamber  slit 

Vertically  extended  beam  shape 

2 

Analyzer  magnet  &  slits 

Automated  setup  of  B  angle 

Beam  transmission  optimized 

3 

Machine  controller 

(a)  Pf,  set  up  &  adjust 

(b)  Pfj  check 

(c)  Interlock  with  source  parameter 

(d)  Compatible  with  batch  implant 

4 

Beam  profile  monitor 

Monitor  and  judge  the  width,  offset,  and  density  of  beam 

vertical  crossover  point  of  the  beam  goes  downstream  in 
the  waveguide  chamber.  This  results  in  the  vertical 
extension  of  the  beam  at  the  target. 

The  source  magnet  current  affects  the  direction  of 
the  extracted  beam.  In  the  fully  automatic  beam  shap¬ 
ing  operation,  this  is  set  at  a  fixed  value  depending  on 
the  mass  number. 

Time-varying  factors  in  the  ion  source  might  in¬ 
fluence  the  beam  shape.  In  order  to  avoid  this,  we  chose 
a  rather  small  value  of  Pf^,  around  0.3,  which  keeps  the 
flattened  beam  profile  at  the  target  within  good  toler¬ 
ance. 

3.2.  Parameters  in  groups  2  and  3 

The  beam  exit  angle  to  the  face  of  the  magnetic  ptole 
edge  can  be  varied  automatically  according  to  the  recipe 
so  as  to  compensate  the  influence  of  the  space  charge 
effect  upon  the  beam  focal  point.  If  the  implant  is  done 
at  a  lower  energy,  a  higher  mass,  or  a  higher  current,  the 
beam  focal  point  would  go  downstream  due  to  its  space 
charge  effect  and  the  beam  cross  section  at  the  target 
would  change  to  a  smaller  size. 

3  3.  Parameters  in  group  4 

The  size  and  location  of  the  analyzing  slit  as  well  as 
of  the  beam  defining  slit  have  been  optimized  experi¬ 
mentally  so  as  to  obtain  a  wider  beam  on  the  wafer 
without  worsening  the  beam  transmission  substantially. 

3.4.  The  beam  profile  monitor  (BPM) 


tions,  a  current  sensing  amplifier,  a  CRT  display  and  a 
logic  circuit  to  monitor  the  beam  shape  and  judge 
whether  it  is  allowable  for  implantation..  The  criteria  are 
the  peak  current  density,  beam  width  and  height,  and 
the  location  of  the  beam.  When  they  are  satisfied  the 
logic  circuit  generates  a  “go  signal”  to  start  implanta¬ 
tion  at  each  batch. 

3.5.  Performance  of  the  fully  automated  beam  shaping 
system 

Fig.  2  outlines  the  general  flow  of  the  fully  auto¬ 
mated  beam  shaping  control,  which  is  performed  by  a 
machine  controller.  A  typical  beam  shape  indicated  on 
the  CRT  IS  shown  in  fig.  3.  Two  photos  in  fig.  3  show 
that  the  controlled  beam  shape  (a)  is  much  more  uni¬ 
form  than  the  uncontrolled  one  (b). 

This  system  realizes  a  wide  and  uniform  beam  cross 
section  in  the  operational  region  as  shown  in  fig.  4.  In 
this  region,  a  beam  width  above  60  mm,  a  height  above 
140  mm  and  a  local  peak  density  below  0.3  mA/cm^ 
are  obtainable.  Table  1  summanzes  the  components, 
and  their  performances,  of  the  fully  automated  beam 
shaping  system.  The  effect  of  the  fully  automated  beam 
shaping  control  upon  the  wafer  charging  was  examined 
using  the  failure  ratio  (fraction  defective)  of  a  4M 
DRAM  gate  oxide  layer  due  to  the  implant  and  the 
result  IS  very  attractive,  as  shown  in  fig.  5  for  the  As"^, 
35  keV,  3  x  10'V'>:ni^  implant. 

4.  Endstation  performance 


The  endstation  is  equipped  with  an  in  situ  beam 
profile  monitor..  This  monitor  comprises  of  small  multi- 
Faraday  cups  aligned  in  vertical  and  horizontal  direc- 


The  target  chamber  is  equipped  with  five  8-in.  cryo- 
pumps;  only  three  of  those  are  selected  at  a  time  to 
evacuate  the  target  chamber.  This  substantially 
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Fig.  2.  Flow  diagram  of  Ihe  fully  automated  beam  shaping 
control  system. 


eliminates  the  nonavailability  of  the  machine  due  to  Ihe 
maintenance  needed  for  the  regeneration  of  the  cryo- 
pumps.  One  cryopump  exclusively  evacuates  the  load 
lock  room  for  the  wafer  cassette.  To  ease  the  mainte¬ 
nance,  the  target  chamber  has  six  lids,  dedicated  respec¬ 
tively  to  the  Faraday  chamber,  the  disk,  the  beam 
profile  monitor,  the  robotic  arms,  and  the  two  wafer 
Stockers. 

Fig.  6  shows  the  schematic  inside  view  of  the  target 
chamber.  A  single  wafer  disk,  which  can  automatically 
change  the  implant  angle  up  to  10°  according  to  the 
recipe,  is  housed  in  vacuum  all  the  time.  The  spinning 
speed  is  1500  rpm  maximum.  Wafers  are  handled  with 


Fig.  3.  Horizontal  cross-sectional  beam  profile  for  As*,.  35 
keV,  8  mA  Spacing  between  the  sensors  is  6  mm.  (a)  The 
controlled  beam;  (b)  the  uncontrolled  beam.  The  amplification 
factor  of  (a)  is  2.5  times  that  of  (b). 

- - , 


14  -\ 


Energy  ( keV ) 

Fig.  4.  PR-80A  performance  diagram  m  the  fully  automated 
operation:'  The  thick  lines  indicate  the  maximum  beam  cur¬ 
rents.  A  “good”  uniform  beam  is  guaranteed  in  the  shaded 
region. 
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Fraction  defective  (%) 


Beam  current  (mA) 

Fig.  5.  Companson  of  fraction  defectives  between  the  fully 
automated  beam  shaping  control  system  (■)  and  the  conven¬ 
tional  (□)  (no  control  system).  The  implant  condition  is  As'^,. 
35  keV,3xlO'Vcm^ 


the  robotic  arm,  which  has  been  successfully  used  in  the 
Ntssin  NH-20SR  [6].  The  wafer  handling  system  has 
two  operation  modes;  one  is  of  the  same  cassette  same- 
slot  operation  compatible  for  ASIC  processing  and  the 
other  IS  o.  .e  cassette  to  another  cassette  mode  for  high 
throughput.  The  cassette  loader  is  optionally  provided 
to  be  integrated  with  the  cassette  carrying  robot  in  a 
factory  automation  system.  The  cassette  loader  transfers 
wafers  between  the  cassette  carried  by  the  factory  robot 
and  the  specifically  surface-treated  cassette.  After  com¬ 
pletion  the  cassette  loader  also  transfers  the  special 


Fig.  6.  Schematic  inside  view  of  the  target  chamber  (1)  Analyz¬ 
ing  slit,  (2)  defining  slit,  (3)  Faraday  cup,  (4)  beam  catcher  and 
beam  profile  monitor,  (5)  disk,  (6)  wafer  Stocker,  (7)  OF 
aligner,  (8)  air-lock  chamber,  (9)  disk  chamber,,  and  (10)  cas¬ 
sette. 
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Fig.  7.  Particulation  of  the  PR-80A  after  As"^,-  50  keV,.  Ix 
lO'Vcm^  implant 


cassette  to  the  load  rock  room.  The  use  of  the  robotic 
arm  and  the  special  cassette  keeps  the  particulation  on 
wafer  at  a  very  low  level,  around  0.15  particles/cm^  for 
0.3  pm  or  higher.  Fig.  7  shows  typical  particulation  data 
after  the  As"^,  50  keV,  1  x  10'*/cm^  implant. 


S.  Summary 

The  fully  automated  beam  shaping  system  provides  a 
very  promising  method  for  the  reduction  of  wafer 
charge-up.  Further  study  is  scheduled  to  be  done  in 
combination  with  the  electron  shower  system.  This  study 
will  enable  us  to  find  more  effective  use  of  the  electron 
shower  system  so  that  the  usefulness  of  the  beam  shap¬ 
ing  system  will  be  more  appreciated.  PR-80A  is  easily 
interfaced  to  a  host  computer  and  in  its  fully  automated 
mode  the  machine  is  integrated  into  a  human-free  fac¬ 
tory  automation  system  to  comply  with  more  stnngent 
1C  process  environment. 
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System  and  process  enhancements  of  the  Applied  Materials  Precision 
Implant  9200 

P,.R.  Jaffe  and  K.P,  Fairbairn 

Applied  Materials  Implant  Dwision,  Foundry  Lane,  Horsham,  iVest  Sussex  RH13  SPY,  UK 


The  Applied  Materials  PI9(XX)  high  current  ion  implanter  was  first  introduced  to  the  market  in  September  1985,  and  the  2(X)  mm 
compatible  system,  together  with  a  number  of  additional  developments,  was  introduced,  as  the  PI9200,  in  April  1988.  Since  that  time 
the  system  has  been  further  developed  and  refined  to  meet  users'  ever  increasing  requirements.  This  paper  presents  an  overview  of  the 
present  system  with  details  on  a  number  of  recent  product  enhancements 


( 


'i 


1,  Introduction 

The  Precision  Implant  9200  is  a  new  generation 
general  purpose  ion  implantation  system  for  fully  auto¬ 
mated  high  productivity  operation  over  a  wide  range  of 

Table  1 

P192(X)  system  specifications 

beam  energies,  currents  and  implant  species.  Since  in¬ 
troduction  in  1985  it  has  become  well  established 
worldwide  and  has  repeatedly  proven  itself  as  a  val¬ 
uable  production  tool,  noted  for  its  excellent  perfor¬ 
mance  in  areas  of  uniformity,  consistency,  purity,  wafer 

Energy  range  [keV] 

5-180  keV 

Dose  range  (cm  *  ^  ] 

Ixl0"-lxl0” 

Wafer  size  [mm] 

100 

125 

150 

200 

Batch  size 

25 

25 

25 

17 

Maximum  throughput  (w/hj 

>200 

>200 

>200 

>150 

Throughput  for  5  x  10*^  @  20  mA 

>200 

>200 

>  200 

>150 

Throughput  for  1  x  lo'*  (g)  27  mA 

87 

87 

87 

56 

Particulates 

mean  level:  0.05  cm 

for  s  0  5  ^im  particles 

Uniformity  (1  sigma) 

S  0.5%  for  doses  >lxlo'*cm''^ 

<  0  75%  for  doses  >lxl0'^cm" 

2 

<1.0%  for  doses  >lxl0'*cm'^ 

Wafer  temperature 

<50°Cat3600W 

Size,  system 

5145x3156  mm  or  1.69  x  10  2  ft 

Ion  energy 

Ion  current  (mA) 

(keV) 

B*,  BP/ 

P* 

As'' 

Sb' 

5 

25 

- 

- 

- 

10 

5 

8 

8 

4 

20 

10 

27 

27 

9 

25 

8 

14 

12 

9 

30 

10 

16 

14 

10 

40 

10 

27 

20 

10 

50 

10 

27 

27 

10 

60 

10 

27 

27 

10 

80 

10 

2? 

27 

10 

100 

10 

27 

27 

10 

120 

10 

27 

27 

10 

140 

10 

20 

20 

10 

160 

10 

15 

15 

10 

180 

10 

10 

10 

- 

*’  Post-acceieration  power  supply  (high  voltage)  is  switched  on  at  20  keV. 
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temperature  and  throughput  [8,9],  It  has  been  subject  to 
continuous  evolution  as  the  state  of  the  art  improves, 
such  as  the  200  mm  capability  and  new  computer 
control  which  have  already  been  well  documented  (IJ. 
Over  the  past  two  years  further  developments  have  been 
carried  out  in  all  areas  of  the  implanter,  including  'he 
beamline  and  wafer  handling. 

The  Precision  Implant  9200  is  a  fully  autoriated 
system  designed  for  minimal  operator  intervention.  It 
can  handle  wafer  sizes  from  100  to  200  mm  diameter, 
and  implant  at  up  to  27  mA  in  practice  with  beam 
energies  between  5  and  180  keV.  Table  1  shows  the 
PI9200  system  specification. 

A  number  of  enhancements  have  been  made  to  the 
Precision  Implant  9200  recently,  which  are  described  in 
the  following  sections. 


2.  Automated  variable  implant  angle 

The  two-axis  mechanical  scanning  of  the  PI9200 
ensures  excellent  implant  uniformities,  see  table  1,.  and 
the  laige  wheel/fast  spin  configuration  minimises  the 
instantaneous  beam  pulse  per  wafer  pass.  This  ensures 
minimal  wafer  power  loading  and  charging  effects.  A 
variable  tilt  axis  has  been  added  to  provide  a  vanation 
in  implant  angle,  from  0®  to  7°,  which  enables  gate 
overlap  low  dose  drain  implants  and  accurate  implant 
control  of  trench  sidewalls.  The  implant  angle  is  selecta¬ 
ble  from  the  system  software  and  can  be  programmed 
into  the  process  recipe.  An  angle  change  now  takes  just 
ten  .seconds,  whereas  previously  the  vacuum  seal  had  to 
be  broken  and  mechanical  components  exchanged  in 
order  to  change  the  implant  angle.  The  new  design 
utilises  a  pivot  axis  within  the  scan  arm  wmch  enables 
the  whole  wheel  to  swivel  witi;  respect  to  the  beam.  This 
IS  described  in  greater  detail  in  ref.  (2). 

3.  Wafer  orientation 

Fully  automated  v/afer  orientation  is  now  possible 
for  angles  between  0°  and  360°.  Most  angles  are 
available  by  orientation  wiihin  the  vacuum  loadlock 
using  one  of  two  types  of  wafer  orientation  systems. 
Eiach  IS  retrofittable  to  the  cassette  indexer,  one  design 
being  suitable  for  flatted  wafers,  and  another  for  notched 
wafers  The  wafer  flat  onenter  uses  rollers  to  align  all 
the  flats  simultaneously,  whereas  the  notch  orienter 
rotates  each  wafer  in  turn  using  an  optical  sensor  to 
detect  the  notch.  In  either  case  the  software  automati¬ 
cally  rotates  the  wafers  from  this  reference  position  to 
the  desired  angle.  Where  possible  this  orientation  se¬ 
quence  is  carried  out  during  the  implant  of  a  previous 
batch  so  that  throughput  is  not  affected.  Full  considera¬ 
tion  to  particle  performance  was  addressed  in  these 


designs  so  that  the  excellent  performance  of  the  whole 
wafer  loading  cycle  was  maintained. 


4.  Automation 

The  mature  automation  software,  yet  with  state-of- 
the-art  features,  ensures  both  system  and  process  relia¬ 
bility  and  flexible  manufacturing  operation.  The  light- 
pen  controlled  software  automation  eliminates  operator 
error,  performs  beamline  set-up,  monitors  all  operations 
and  provides  extensive  self-diagnostic  routines  and 
numerous  process  integrity  checks.  An  RS-232C  inter¬ 
face  and  SECSII  option  allow  a  host  computer  inter¬ 
face,  and  a  modem  link  option  permits  remote  diagnos¬ 
tic  service  support  and  remote  terminal  monitoring  of 
implanter  performance. 

Automation  has  recently  been  extended  to  the  facil¬ 
ity  for  robotic  loading  of  wafer  cassettes  by  a  new 
design  of  loadlock  called  the  robotic  interface.  This 
loadlock  is  readily  interfacable  to  a  customer  supplied 
robotic  cassette  load/unload  facility  for  full  factory 
automation  implementation.  This  is  achieved  by  using  a 
larger  loadlock  door  opening,  an  automatically  open, ' 
close  and  sealing  loadlock  door,  horizontal  cassette  load 
stations  and  a  new  cassette  sensor. 


5.  Maintenance 

The  Precision  Implant  9200  system  uses  two  CTl  10 
cryopumps,  to  pump  the  process  chamber/wafer  loader 
chamber  and  the  beamline/differential  pumping  (DP) 
box.  The  side  cryopump  is  readily  accessible  for  servic¬ 
ing,  however,  the  rear  cryopump  is  at  the  centre  of  the 
system  and  is  less  readily  accessed.  Since  it  may  be 
necessary  to  remove/replace  the  rear  cryopump  for 
servicing  every  six  to  twelve  months,  a  lift  has  been 
designed  into  the  enclosure  ro(  in  order  to  ease  the 
removal  of  this  pump  and  reduce  the  service  time. 

The  lift  consists  of  a  band  around  the  pump  con¬ 
nected  to  a  ratcheted  manual  drive,  all  slung  from  a 
permanently  roof-mounted  monorail.  The  monorail  runs 
from  the  installed  position  of  the  cryopump  to  the  rear 
exit  of  the  system,  between  the  cleanroom  wall  and  the 
beamline  ground  enclosure.  Use  of  the  lift  reduces  the 
removal/replacement  time  from  3-4  hours  to  30  minutes, 
and  may  be  accomplished  by  one  person  rather  than  the 
two  to  three  people  previously  required.  This  improves 
the  tendency  to  regularly  service  the  pumps  rather  than 
delay  and  risk  inferior  processing. 

In  addition,  flanges  have  been  added  to  the  source 
and  to  the  flight  tube,  allowing  simpler  maintenance 
and  more  effective  cleaning. 
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PARTICLE  DENSITY.  P/Oii2 


u 


Fig.  1  A  Pareto  analysis  of  particulate  addition  at  >0.5  (nm 
diameter  in  the  PI9200,  for  vanous  parts  of  the  implanter. 


6.  Freon-free  cooling  system 

The  freon-free  cooling  system  is  a  new  heat  ex¬ 
changer  which  circulates  deionised  water  coolant 
through  the  PI9000/9200  system  and  extracts  the  heat 
to  the  factory  water  supply  which  is  then  flowed  out  to 
the  drain.  The  previous  heat  exchanger  used  three  recir¬ 
culating  cooling  circuits,  one  employing  freon  as  the 
cooling  medium  and  two  using  deionised  water  (in 
addition  to  the  mains  water  cooling  to  the  isolation 
transfomicr  and  the  source  diffusion  pump).  The  new 
system  uses  only  one  recirculating  cooling  circuit  which 
employs  deionised  water  as  the  coolant. 

The  freon-free  cooling  system  can  be  retrofitted  to 
early  P19000/9200  systems  which  are  still  using  the 
freon-based  heat  exchanger. 


Fig.  2  Closed  loop  charge  control  block  diagram  showing  the  interaction  between  the  detected  charge  and  the  flood  gun  emission. 
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7.  Particulates 

In  the  interest  of  minimising  particulate  contamina¬ 
tion,  the  Applied  Materials  PI9000  Implanter  Series 
uses  a  loadlock  to  transfer  wafers  under  vacuum  into 
the  process  chamber  of  the  system.  This  has  been  as¬ 
sessed  in  detail  and  results  are  presented  in  fig.  1 .  It  was 
found  that  a  total  wafer  handling  cycle  added  on  aver¬ 
age  two  particles  >05  pim  to  a  150  mm  wafer  with  the 
loadlock  rough  and  vent  being  the  main  contributor. 
The  main  cause  of  this  was  a  shock  wave  generated  by 
the  crossover  between  the  slow  and  fast  roughing  cycles 
[1].  This  was  addressed  by  throttling  the  pneumatics 
which  open  the  valve,  thus  ensuring  a  smooth  transition 
and  eliminating  the  shock  wave. 

ii 's  now  possible  to  polish  the  cast  heatsink  paddles 
to  a  mirror  finish  to  ease  the  cleaning  of  the  wheel,  and 
prevent  it  from  retaimng  deposits.  The  polishing  process 
was  developed  over  several  iterations  to  optimise  the 
finish  while  introducing  no  new  contam  nants  into  the 
surface.  Electron  microscopy  and  X-ray  analysis  were 
used  in  the  development  to  check  the  quality  of  the 
pohshed  surface. 

Beamlines  can  account  for  60  to  90%  of  defect 
density  [3].  It  was  found  that  particulate  levels  in  the 
PI9200  increased  with  implant  energy  and  dose,  and  it 


was  thought  that  this  was  due  to  condensation  effects 
[4].  However,  further  work  has  shown  that  materials  in 
the  beamline  may  be  responsible  and  that  paticles  can 
actually  be  transported  by  beam  impact  and  charge 
effects  onto  the  wafers  [6].  This  has  been  addressed  by 
changing  the  specification  of  parts  of  the  beamline  to 
improved  materials.  This  has  resulted  in  a  significant 
reduction  in  beamline  conditioning  time  and  an  im¬ 
provement  in  beamline  generated  particulate  levels. 

Real  time  monitoring  of  particulates  was  required  in 
order  to  improve  our  understanding  of  the  beamline 
particulate  contribution.  Commercially  available  in  situ 
monitors  were  limited  in  their  performance  by  the  size, 
velocity  and  density  of  the  particles  to  be  detected.  For 
this  reason  Applied  Materials  has  developed  its  own 
monitor,  capable  of  measuring  particle  sizes  down  to 
>  0.22  |im  [5).  The  monitor  uses  a  laser  beam  focussed 
to  3  mm^  with  highly  sensitive  photodetection  equip¬ 
ment.  It  was  developed  in  a  comprehensive  programme 
both  in  the  laboratory  using  latex  spheres  and  in 
PI9200S.  It  is  now  used  to  optimise  the  autoclean  cycle, 
maintaining  low  particulate  levels  while  minimising 
downtime  for  maintenance.  A  closed  loop  particle  con¬ 
trol  is  now  being  developed  to  incorporate  particulate 
levels  in  the  automatic  software. 
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Fig.  3.  Thermal  performance  graphs  during  warm-up  of  the  heated  process  wheel  system,  showing  initial  heating  poor  to  implant 
followed  by  a  120  keV  17  mA  As^  high  dose  implant.  Curves  are  calculated  for  the  wafer,  heatsink,  wheel  arm  and  hub. 


V.  MACHINES 


452 


P.R.  Jaffe,  K  P.  Fairbatrn  /  Enhancements  of  the  Applied  Materials  PI9200 


8.  Gosed  loop  charge  control 

Charge  build-up  in  advanced  CMOS  devices,  espe¬ 
cially  DRAMs,  has  become  one  of  the  most  important 
and  critical  factors  in  ion  implantation  as  device  densi¬ 
ties  increase.  The  complex  interactions  present  in  an  ion 
beam  environment  require  that  we  pay  increasingly 
close  attention  to  the  detailed  conditions  of  electron 
transport  to  the  wafer,  to  ensure  that  low  energy  elec¬ 
trons  equalise  ion  charge  to  lower  and  lower  residual 
charge  levels. 

An  investigation  has  been  carried  out  on  the  rela¬ 
tionship  between  system  configurations  and  adjustable 
parameters,  charge  indications  from  the  system  charge 
sensor  and  various  wheel  current  measurements  and  the 
yield  of  devices.  To  provide  automatic  control  of  flood 
gun  emission  for  optimum  yield,  a  new  closed  loop 
control  system  has  been  developed  based  on  these  mea¬ 
surements  This  has  been  found  to  be  very  effective  in 
compensating  for  time-varying  charging  effects,  moni¬ 
toring  all  implanter  sub-systems  and  providing  lot 
tracking  data  on  charging  conditions.  Beam-balanced 
charge  conditions  can  easily  be  determined  by  either 
charge  levels  on  dielectric  films  or  by  wheel  current 
measurements.  It  is  found  that  devices  exhibiting  sensi¬ 
tivity  to  charge  damage  have  the  highest  yield  under 
conditions  of  balanced  charge  and  also  into  the  region 
of  significantly  negative  wheel  current  or  measured 
charge  [7],  Both  the  wheel  current  and  output  from  the 
charge  head  sensor  are  constantly  monitored.  Either 
may  be  used  as  basis  for  the  control,  which  adjusts  the 
flood  gun  emission  current  to  maintain  constant  condi¬ 
tions.  The  flood  gun  can  be  fitted  to  all  PI900/9200 
systems  and  is  essentially  a  controllable  thermionic 
valve,  which  directs  a  flood  of  low  energy  electrons 
towards  the  wafer.  It  is  controlled  by  both  bias  voltage 
and  argon  gas  pressure.  A  mass  flow  controller  provides 
the  gas  flow  which  allows  the  bias  voltage  to  be  reduced 
for  the  same  emission  current.  A  block  diagram  of  the 
control  IS  shown  in  fig.  2. 


9.  Heated  wheel 

The  PI9200  system  has  been  designed  to  enable  high 
beam  current  implants  at  low  wafer  temperatures,  to 
preserve  the  integnty  of  photoresists  and  prevent  lattice 
damage.  Typically  the  temperature  of  wafers  does  not 
exceed  50 ’’C,  achieved  by  conducting  heat  from  the 


backside  of  the  wafer  via  an  elastomer.  The  clampless, 
planar  design  uses  centrifugal  force  to  provide  the  con¬ 
tact  area  required  for  this  conduction  while  not  shadow¬ 
ing  the  wafer  itself.  Recent  advances  have  enabled  the 
implanter  to  circulate  coolant  at  a  range  of  tempera¬ 
tures  from  20  to  80  °C,  selectable  on  the  heat  ex¬ 
changer.  This  enables  hot  implants  where  the  maximum 
wafer  temperature  is  100  °C,  wliich  improves  the  re¬ 
moval  of  any  remaining  water  vapour  from  the  wafer 
surface  (see  fig.  3).  The  redesign  addresses  all  areas  of 
thermal  expansion  and  replaces  components  which  are 
not  suitable  for  the  higher  temperatures. 


10.  Conclusion 

Data  has  been  presented  on  the  last  two  years  of 
field  experience  of  the  PI9200  ion  implantation  system, 
concentrating  on  areas  of  system  evolution  and  perfor¬ 
mance. 
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The  EXTRION  220  parallel  scan  magnet 

R.E.  Kaim  and  P.F.H.M.  van  der  Meulen 

Varian  Ion  Implant  Systems,  Gloucester,^  Massachusetts  01930,  USA 


The  design  of  the  EXTRICN  220  nonuniform  field  angle  correction  magnet  is  described.  Implementation  of  the  design  is  checked 
by  making  field  maps  of  each  magnet.  The  accuracy  of  beam  parallelism  has  been  verified  by  measunng  the  angular  deviation  of  ion 
beam  trajectories  over  the  scanning  width.  It  is  shown  that  even  small  parallelism  errors  can  have  an  effect  on  sneet  resistance 
uniformity  of  high  tilt  angle  implants. 


1.  Introduction 

Beam  scanmng  in  the  EXTRION  220  is  achieved  by 
the  combined  action  of  an  electrostatic  deflector  and  a 
rectangular  dipole  magnet  [1].  The  field  of  the  magnet 
varies  in  such  a  way  as  to  convert  the  electrostatic 
angular  scan  into  a  one-dimensional  parallel  scan.  In 
this  paper  the  design,  construction  and  testing  of  the 
nonuniform  field  magnet  are  discussed. 


2.  Magnet  design 

Fig.  1  shows  the  geometrical  layout  of  the  magnet 
and  electrostatic  deflector.  In  designing  the  magnet,  the 
following  assumptions  were  made: 

(i)  The  magnetic  field  in  the  jc  direction  must  vary  as 

fl(.x )  =  5q(1  +  a.x  + (1) 

where  a  and  h  are  constants  to  be  determined. 

(ii)  The  effective  width  of  the  magnetic  field  in  the  z 
direction  is  constant  for  all  values  of  .v. 


-  ELECTROSTATIC 
DEFLECTOR 


RECTANQULAR 
NON-UMFORM 
FIELD  MAGNET 


Fig  1  Schematic  of  E-220  parallel  beam  .scanning 


The  values  of  the  constants  a  and  h  m  eq.  (1)  were 
determined  using  the  computer  program  RAYTRACE 
[2]  which  calculates  the  trajectones  of  charged  particles 
in  the  presence  of  magnetic  or  electrostatic  fields.  The 
calculation  was  performed  for  the  three  trajectories 
shown  in  fig.  1,  corresponding  to  the  center  and  sides  of 
the  scan  for  a  200  mm  wafer.  Values  of  a  and  h  were 
varied  iteratively  in  order  to  minimize  the  deviation 
from  the  z  direction  of  all  three  trajectories  emerging 
from  the  magnet. 

Since  the  field  inside  a  magnet  is  inversely  propor¬ 
tional  to  the  pole  gap.  the  required  pole  curvature  is 
governed  by  the  equation 


Z>(a) 


Dq 

1  -F  «A  +  bx~ ' 


(2) 


where  D(x)  is  the  pole  gap 


3.  Effective  field  boundary 


The  difficulty  with  the  design  procedure  outlined 
above  is  its  a.ssumption  that  the  “mtgnetic  width”,-  or 
distance  between  effective  field  boun  iaries  on  each  side 
of  the  poles,  does  not  vary  with  a.  The  effective  field 
boundary  (EFB)  is  a  measure  of  how  much  the  mag¬ 
netic  field  extends  beyond  the  edge  of  the  poles  (see  fig. 
2).  The  distance  to  the  EFB  is  given  by 


L(a)  = 


rB{x,.z)dz 

Y) _ 

B{x,0) 


(3) 


Fig.  3a  shows  the  expected  effective  field  boundaries 
for  the  MUgnct  depicted  in  fig.  1.  The  distance  from  the 
pole  edge  to  the  EFB  is  roughly  proportional  to  the  pole 
gap  [3],  which  means  that  the  magnetic  width  is  largest 
wherp  the  least  deflection  is  required.  Under  the.se  con¬ 
ditions  the  pole  shape  of  eq.  (2)  cannot  produce  the 
required  parallel  beam. 
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MAG. 

FIELD 


To  correct  for  the  “bulging”  of  the  effective  field 
boundanes,  the  magnet  design  incorporates  field  clamps 
whose  purpose  is  to  constrain  the  fringing  fields.  The 
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Fig.  3.  Effective  field  boundane.s  (a)  with  magnet  as  shown  in 
fig  1.  and  (b)  with  addition  of  field  clamps 


field  clamps  consist  of  four  flat  plates  fixed  to  the  top 
and  bottom  return  yokes  on  either  side  of  the  magnet. 
The  effect  of  the  clamps  is  to  create  a  reversed  magneto¬ 
motive  force  which  constrains  the  magnetic  field  to  very 
low  values  between  each  clamp  pair,  and  thereby  pushes 
the  effective  field  boundaries  closer  to  the  poles.  The 
goal  is  to  achieve  perfectly  straight  and  parallel  EFBs  as 
shown  in  fig.  3b,  so  that  the  RAYTRACE  calculation 
becomes  valid  and  a  parallel  beam  is  produced.  The 
extent  to  which  the  EFBs  deviate  from  their  desired 
location  determines  the  accuracy  of  the  beam  paralle¬ 
lism  achieved  with  the  magnet. 


4.  Magnetic  field  measurements 

In  order  to  minimize  the  deviation  of  the  EFB  from 
Its  desired  location,  the  gap  between  the  field  clamp 
plates  has  to  be  varied  along  the  x  direction  -  the 
smaller  the  gap  the  more  the  EFB  is  pushed  m  towards 
the  pole  edge.  The  optimum  shape  of  the  clamp  plates 
was  determined  empirically  for  the  first  magnet  by 
machining  the  clamps,  measuring  the  resultant  change 
in  the  EFB  profile,  and  repeating  the  process  until  the 
deviation  was  sufficiently  small. 

For  all  subsequent  magnets,  the  most  critical  mea¬ 
sure  of  reproducibility  and  accuracy  is  the  location  of 
the  EFBs.  For  each  magnet  the  EFBs  are  measured,  and 
the  deviations  from  the  design  are  required  to  be  within 
limits  which  ensure  that  the  .specified  beam  parallelism 
will  be  achieved.  Fig.  4  shows  the  longitudinal  deviation 
of  the  magnetic  width.  W,-  for  a  sample  of  five  magnets. 
The  measurements  were  made  at  25%  and  100%  of  the 
maximum  field,  and  it  can  be  seen  that  the  width 


«  STANDARD  26%  I 
•  STANDARD  100% 
0  PROTYPE  25% 


o 


-15  ^'lO  -5  ~  0  5  10~  is’ 


X  (cm) 

Fig.  4  Deviation  of  magnetic  width  as  a  function  of  a  Mea¬ 
surements  were  made  for  five  standard  magnets  and  one  proto¬ 
type  magnet  at  25%  and  100%  of  maximum  field 
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depends  on  the  field  strength,  illustrating  the  nonlinear 
nature  of  the  magnetic  effects  causing  deviation  of  the 
EFB.  Nevertheless,  these  effects  are  reproducible  from 
magnet  to  magnet,  and  amount  to  a  few  percent  at 
most.  Also  shown  at  25%  field  is  the  result  for  a 
prototype  magnet  which  has  different  yoke  and  clamp 
dimensions  from  the  later  magnets. 

Another  magnetic  field  measurement  which  is  per¬ 
formed  on  each  magnet  is  a  check  of  the  conformance 
to  eq.  (1)  by  measuring  the  field  as  a  function  of  x  at 
the  line  ;  =  0.  The  deviation  from  eq.  (1)  is  required  to 
be  less  than  0.5%  over  the  working  length  of  the  mag¬ 
net. 


5.  Beam  parallelism  measurements 

Once  a  magnet  has  been  installed  on  the  implanter, 
the  accuracy  of  the  beam  parallelism  can  be  measured 
in  a  number  of  ways.  The  most  accurate  method  is 
illustrated  in  fig.  5:  two  plates  containing  identical 
patterns  of  vertical  slits  are  installed  a  fixed  distance 
apart  in  the  E-220  end  station.  The  second  plate  is 
movable  with  a  micrometer  screw,  and  beam  current 
transmitted  through  any  pair  of  slits  can  be  measured 
with  a  Faraday  plate.  Using  dc  voltage  on  the  electro¬ 
static  deflectors,  the  beam  is  steered  sequentially  through 
each  sill  in  the  first  plate.  The  second  plate  is  then 
moved  to  a  position  which  maximizes  beam  transmis¬ 
sion  to  the  Faraday  plate,  and  the  relative  movement 
required  provides  a  measure  of  the  deviation  from 
parallelism  as  a  function  of  the  position  .x  of  the  first 


o 


FIXED  MOVABLE  FARADAY 

SLITS  SLITS  PLATE 


Fig  5.  Method  used  to  measure  deviation  of  beam  scan  from 
parallelism. 


X  (cm) 

Fig.  6  Deviations  from  parallelism  of  40  keV  B  and  As 
(standard  magnet) 


slit.  Ftg.  6  shows  measurements  made  for  40  keV 
and  As"*^,  corresponding  to  low  and  high  values  of 
magnetic  field.  The  deviations  from  parallelism  are 
larger  for  than  for  As"^,.  which  is  in  agreement  with 
the  deviations  of  the  magnetic  width  measurements 
shown  in  fig.  4. 


6.  High  tilt  angle  uniformity 

There  is  a  recent  trend  in  ion  implantation  towards 
use  of  large  tilt  angles  (60°  or  more)  For  such  large 
angles,  errors  in  beam  parallelism  can  cause  degrada¬ 
tion  of  the  implant  uniformity;  for  a  tilt  angle  9  and 
beam  parallelism  error  S<p  over  the  wafer  diameter,  the 
fractional  change  in  dose  from  the  center  to  the  edge  of 
the  wafer  is  given  by  [4] 

A  =  2  tan  S  tan  5<j>.  (4) 

It  has  been  found  that  the  inferior  low-field  perfor¬ 
mance  of  the  prototype  magnet  (see  fig.  4)  causes  a 
noticeable  degradation  of  the  uniformity  of  high  tilt 
angle  boron  implants.  Fig.  7  illustrates  the  result  of  an 


TILT  ANGLE  (aegrees) 

Fig.  7  Implant  uriformity  as  a  function  of  tilt  angle 
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Fig.  8  Sheet  resistance  maps  for  implants  at  SO”  tilt  (boron, 
124  5  keV,  1  56x10'^  ions/cm‘):  (a)  standard  magnet  (stan¬ 
dard  deviation,  0  31%).  (b)  prototype  magnet  (standard  devia¬ 
tion:  0.58%) 


experiment  ir.  'hich  wafers  were  implanted  with  boron 
at  different  tilt  angles,  but  with  the  same  effe*  ive  dose 
and  beam  energy  (i.e.  corrected  by  a  factor  1/cos  R). 
The  uniformity  worsens  with  increasing  tilt  angle  for 
the  prototype  magnet,  but  the  .-^fect  is  not  apparent  for 
an  implanter  using  a  magnet  of  the  final  design  type.  In 
fig.  8  sheet  resistance  maps  at  50°  tilt  are  compared  for 
the  two  magnets.  Here  it  is  seen  that  the  degradation  of 
uniformity  for  the  prototype  occurs  in  the  direction  of 
the  horizontal  beam  scan,  which  is  consistent  with  the 
effect  of  beam  parallelism  error. 


7.  Conclusion 

Measurements  of  the  magnetic  width  provide  an 
effective  way  to  assure  the  accuracy  and  reproducibility 
of  parallel  scan  magnets  for  the  E-220.  The  parallelism 
may  also  be  directly  checked  with  an  ion  beam.  Uni¬ 
formity  of  high  tilt  implants  can  be  a  sensitive  indicator 
of  parallelism. 
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Control  of  wafer  charging  during  high  current  implantation  plays  a  key  role  in  achieving  higher  device  yields.  As  certain  device 
dimensions  shrink  with  a  corresponding  reduction  in  gate  oxide  thicknesses,  their  sensitivity  to  charging  increases.  This  characteristic 
of  devices,  compounded  with  the  increasing  beam  currents  available  in  commercial  high  current  implanters  (up  to  25  mA  or  more), 
poses  critical  challenges  to  techniques  used  for  wafer  charge  control  dunng  implantation. 

In  this  paper,  we  will  present  the  key  features  ol  «n  auto  emission  flood  control  system  which  holds  the  disc  current  constant  at  a 
desired  setting,  and  minimizes  any  charge  fluctuations  on  the  wafer  in  real  time.  The  features  of  this  system  were  compared  to  those 
of  “no  electron  flood"  and  “constant  emission  flood  system”  using  a  variety  of  wafers  (e.g..  bare,  poly-Si,  poly-Si-on-oxide  and 
photoresists,  etc.)  In  all  cases,  the  charging  charactenstics  of  each  wafer  were  monitored  in  real  time  using  a  capacitive  charge 
collecting  device.  Correlations  between  disc  current,  flood  emission  current  and  the  charge  collectors  response  were  used  to 
demonstrate  the  merits  of  the  auto  emission  flood  control  system.  In  addition,  the  flood  gun  options  available  on  the  XP  senes  of 
high  current  implanters.  including  the  features  of  the  charge  collecting  device,  will  be  presented 


1.  Introduction 

Wafer  charging,  a  major  yield  limiting  factor  in  high 
current  implantation,  has  always  been  an  area  of  con¬ 
cern  for  device  manufacturers.  In  recent  years,  several 
studies  have  been  conducted  on  this  particular  aspect  of 
ion  implantation  by  both  the  device  engineers  and  by 
equipment  manufacturers  [1-3].  Although  several  tech¬ 
niques  for  charge  neutralization  in  high  current  im¬ 
planters  have  been  commercialized,  none  of  the  meth¬ 
ods  has  been  designed  to  take  into  account  changing 
conditions  of  pressure  and  electron  population  within 
the  Faraday  in  the  immediate  vicinity  of  the  wafer. 
Today,  the  higher  beam  currents  for  enhancing 
throughput  and  the  increasingly  sensitive,  complex  de¬ 
vice  structures  with  reduced  gate-oxide  thicknesses  make 
It  even  more  necessary  to  have  a  charge  control  system 
that  will  continuously  respond  to  these  changing  condi¬ 
tions  during  the  implantation  process.  Also,  the  Fara¬ 
day  and  electron  flood  systems  have  to  be  designed  to 
prevent  any  electron  leakage,  so  as  not  to  affect  dose 
measurement. 

The  objectives  of  this  paper  are  to  present  the  fea¬ 
tures  of  an  auto  emission  electron  flood  control  system 
employed  on  the  Vanan  XP  senes  of  high  current 
implanters.  This  system  regulates  the  net  charge  on  the 
disc  (wafer)  dunng  the  entire  length  of  the  implantation 
process.  The  features  of  a  charge  collecting  device  (Q- 
Monitor)  mounted  in  the  end  station  chamber  will  be 
also  be  presented.  The  real-time  charge  signals  mea¬ 
sured  by  this  device  will  be  used  to  demonstrate  the 


charge  controlling  features  of  the  electron  flood  system 
under  a  vanety  of  pressure  and  implant  conditions.  In 
addition,  the  effects  of  the  auto  emission  system  on  the 
yield  of  a  variety  of  charge-sensitive  device  structures 
under  several  implant  conditions  will  be  presented. 

An  evolution  of  the  Vanan  high  current  implanters 
has  occurred  over  the  last  ten  years.  Since  the  commer¬ 
cial  realization  of  the  80-10  ion  implanter  in  1980,  the 
XP  series  of  high  current  implanters  (80/120/160  and 
180XP)  have  subsequently  been  introduced  with  ad¬ 
vancements  over  their  respective  previous  models.  One 
of  the  areas  of  continued  improvement  has  been  the 
Faraday  and  wafer-charge  control  systems  [3,4].  While 
these  systems  have  been  designed  for  the  XP  senes  of 
implanters,  they  can  be  retrofitted  to  some  of  the  earlier 
models  as  well.  The  new  machines  incorporate  the  auto 
emission  control  system  (which  controls  the  disc  cur¬ 
rent),  and  the  Q-Monitor  (which  picks  up  real-time 
charge  signals  from  wafers  by  capacitive  pick-up). 

2.  Flood  systems  and  their  characteristics 

Faraday  systems  are  employed  in  ion  implanters  to 
monitor  and  control  the  dose  of  the  implanted  species. 
The  prime  function  of  the  Faraday  is  to  count  the  ions 
implanted,  without  affecting  the  beam  charactenstics 
[3j.  The  schematics  of  the  Faraday  system  for 
80/120/160-10  models  and  the  XP  models  are  shown 
in  figs,  la  and  b  respectively,  including  the  correspond¬ 
ing  electron  flood  guns.  The  transition  from  the  original 
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design  to  that  of  the  XP  occurred  in  several  sequences 
described  elsewhere  [3,4],  Primary  electrons  from  an 
electrically  heated  filament  are  injected  into  the  Fara¬ 
day,  and  strike  the  opposite  wall  of  the  Faraday  cage  to 
produce  secondary  electrons  with  a  dominantly 
Maxwellian  distribution,  which  in  turn  are  used  for 
beam  and  surface-charge  neutralization. 

In  all  the  systems  descnbed  above,  a  fixed  emission 
current  was  used  to  generate  electrons  from  the  fila¬ 
ment.  The  appropriate  emission  level  was  determined 
empirically  for  each  device  type  depending  on  its  charge 
sensitivity  and  the  implant  conditions.  Although  very 
repeatable  in  its  operational  characteristics,  such  a  sys¬ 
tem  did  not  provide  any  automatic  response  to  the 
constant  variations  taking  place  in  the  Faraday  during 
the  implant,  e.g.;  pressure  changes  due  to  photoresist 
outgassing,  device  variables  (oxide  thickness  etc.),  posi¬ 
tion  of  the  beam  during  scan  (on  wafer,  off  wafer)  and 
other  factors  such  as  beam  spot  size  and  space-charge 
conditions  of  the  beam. 

In  order  to  account  for  all  the  above  mentioned 


variables,  the  latest  charge  control  system,  “auto  emis¬ 
sion  control  flood  system”,  was  developed  for  the 
80/120/160-10  and  the  corresponding  XP  senes  of 
implanters.  In  this  system,  the  disc  current  signal  is 
used  as  an  input  to  the  flood  control  regulation  system. 
The  control  system  varies  the  flood  gun  emission  cur¬ 
rent  as  required,  to  regulate  the  disc  current.  As  the 
conditions  in  the  Faraday  change,  the  emission  current 
IS  also  adjusted,  which  in  turn  produces  a  resultant 
change  in  the  secondary  electron  current  to  the  disc. 
Thus,  the  disc  current  can  be  held  steady  despite  the 
changing  conditions  in  the  Faraday.  The  operator  has 
the  option  to  choose  the  desired  disc  current  setting  for 
any  given  implant.  The  optimum  disc  current  depends 
on  the  device  type  and  the  implant  conditions,  as  will 
be  shown  later.  In  fig.  2,  the  characteristics  of  the  auto 
emission  system  have  been  compared  with  those  of  a 
fixed  emission  flood  system  for  a  high  current  arsenic 
implant  run  on  a  disc  load  of  wafers,  among  which  were 
several  coated  with  photoresist.  The  scan  waveform, 
disc  current,  emission  current  and  the  end  station  pres- 


Fig.  1.  Schematics  of  the  Faraday  and  the  associated  flood  gun  systems  tor  the  Varian  high  current  implanters  (a)  80/120/160-10 

systems  and  (b)  80/120/160/1 80XP  systems. 
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sure  have  all  been  plotted  for  the  implant  in  question.  When  charge-sensitive  devices  are  being  implanted. 

In  the  fixed  emission  flood  system,  the  emission  level  the  combined  effect  of  the  fixed  emission  flood,  beam 
stays  constant  through  the  entire  implant  process.  interaction  with  the  residual  gas  and  the  disc  during  the 
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Fig.  2  Charactenstics  of  ihe  “aulo  emission  control  system”  =  0  mA)  compared  with  those  of  "fixed  emission  system  for  an 
arsenic,  5  x  10' Vcm^,  60  keV  implant  under  varying  conditions  of  pressure  caused  by  photoresist  outgassing. 
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scan  process  can  overflood  the  Faraday  with  electrons, 
thereby  increasing  the  risk  of  device  damage  due  to 
negative-charge  effects.  The  same  is  not  true  for  the 
auto  emission  control  system.  As  the  pressure  in  the  end 
station  nses  during  the  initial  stages  of  the  implant  due 
to  photoresist  outgassing,  the  beam  interactions  with 
the  gas  molecules  create  more  electrons  in  the  Faraday. 
In  order  to  maintain  a  steady  disc  current  (0  mA  in  this 
case),  the  control  system  responds  accordingly  and  re¬ 
duces  the  level  of  emission  current.  As  the  vacuum 
improves,  the  requirement  for  more  electrons  is  met  by 
the  control  system  with  greater  emission  current.  The 
electron  requirements  related  to  beam  position  during 
scan  are  also  illustrated  in  fig.  2.  Once  the  photoresists 
has  been  fully  carbonized,  the  outgassing  rate  drops  as 
indicated  by  the  stabilization  of  pressure.  Consequently, 
the  flood  emission  current  also  stabilizes  to  maintain 
the  desired  disc  current  value. 


3.  Q- Monitor 


the  Q-Monitor,  for  the  XP  series  of  high  current  im- 
planters.  A  design  schematic  of  the  same  is  depicted  in 
fig.  3.  The  carefully  positioned  device  capacitively  picks 
up  the  wafer  surface-charge.  This  charge  signal  is  then 
displayed  on  a  storage  oscilloscope  and  can  be  plotted 
on  an  X-K  chart  recorder  to  assist  in  data  analysis. 
Calibration  of  the  Q-Monitor  with  a  fixed,  known  volt¬ 
age  allows  the  user  to  determine  the  relative  charge  (or 
some  function  of  it!)  developed  on  the  wafers  during  the 
implant  process.  Further  work  to  improve  upon  this 
first  design  is  in  progress.  There  are  some  concerns 
about  the  ability  of  this  device  to  provide  a  measure  of 
the  absolute  charge  on  the  wafer  due  to  charge  decay 
that  may  occur  before  the  wafer  reaches  the  sensor 
position  and  to  the  consistency  of  its  sensitivity  being 
affected  by  variations  in  the  sensor-wafer  separation. 
However,  this  device  in  its  present  configuration  can 
assist  the  user  in  evaluating  the  relative  charge  phenom¬ 
enon  taking  place  in  real  time  on  the  wafers  and  there¬ 
fore  provide  valuable  assistance  in  the  optimization 
process  without  the  risk  of  using  many  wafers. 


Recently,  some  attempts  have  been  made  to  directly 
sense  charge  build-up  on  the  wafers  by  using  real-time 
charge  monitors  as  accessories  to  wafer  charge  control 
systems  [6].  These  systems  use  the  phenomenon  of 
capacitive  coupling  between  the  wafers  and  the  charge 
pick-up  device.  Varian  has  introduced  such  a  system. 


4.  Experimental 

All  charging  tests  conducted  for  this  investigation 
were  run  on  a  Varian  160XP  high  current  ion  implanter 
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Fig.  3.  A  schematic  design  of  the  Q-Monitor  system  for  the  Vanan  XP  series  of  high  current  implanters. 
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equipped  with  the  auto  emission  flood  control  system  50  keV  energy  were  implanted  into  the  test  wafers  to  a 

and  Q-Monitor.  In  order  to  demonstrate  the  character-  dose  of  5  X  lO'^/cm^  at  6.5  mA  of  beam  current  in  the 

istics  of  these  systems,  the  effects  of  several  implant  “decel  mode”  of  operation.  The  n^  implant  consisted 

parameters  such  as  ion  species,  end  station  pressure  and  of  arsenic  ions  with  60  keV  energy  implanted  to  the 

electron  flood  conditions,  on  the  yield  of  several  charge  same  dose  at  9.3  mA  of  beam  current  in  the  “accel 

monitor  wafers  were  studied.  In  addition,  the  effects  of  mode”  of  operation. 

the  presence  of  photoresist  wafers  upon  yield  of  the  Device  yields  for  the  80  A  and  235  A  oxide  devices 

devices  was  also  studied.  Table  1  summarizes  the  test  implanted  under  several  electron  flood  conditions  are 

matrix  used  in  this  study,  shown  in  figs.  4  and  5  for  the  two  respective  implant 

Test  vehicles  used  were  state-of-the-art  MOS  struc-  species.  The  control  wafers,  which  received  no  implant, 

tures  with  gate  oxide  thicknesses  of  235  A,  180  A  and  had  100%  yield  for  both  oxide  thicknesses,  indicating 

80  A,  fabricated  on  150  mm  silicon  wafers  with  a  high  good  process  control  in  the  fabrication  of  the  devices, 

charge  multiplier  ratio.  Breakdown  measurements  were  On  the  other  hand,  wafers  implanted  without  any  elec- 

done  on  the  235  A  and  80  A  devices.  Charge-to-break-  tron  flood  showed  poor  yields  for  both  species,  clearly 

down  measurements  were  done  on  the  180  A  oxide  set  demonstrating  the  need  for  charge  neutralization, 

cf  devices  fabricated  at  Varian.  The  criterion  for  It  is  also  observed  that  the  device  yields  for  the 

breakdown  was  defined  as  the  voltage  where  1  |iA  of  arsenic-implanted  wafers  were  in  general  much  higher 
current  was  detected  through  the  oxide.  than  those  obtained  with  BFj  implants.  The  reason  for 

the  observed  disparity  in  yield  between  the  two  cases 
under  consideration  is  not  clear.  Recently,  some  studies 
5.  Results  and  discussion  [7.8]  have  shown  that,  although  small  amounts  of  fluo¬ 

rine  introduced  into  the  gate-oxide  improve  the  inter- 
Typical  p”^  and  n^  source/drain  implants  were  used  face  quality,  large  amounts  can  have  a  detrimental 

for  this  investigation.  For  the  p*  implant,  BF2  ions  with  effect  on  the  electrical  integrity  of  the  oxide  The  beam 


Table  1 

Experimental  text  matrix 


Tesi 

ID 

Test  device  ID 

235  A 

ox 

Var 

ox 

80  A 

OX 

Electron  flood 
conditions 

Status  of 
other  sites 

Other 

remarks 

BF;.  5X10‘ 
Ql'-Ll 

'■'/cm'.  50  keV 

18 

K-19 

10 

no  flood 

bare  Si 

Q1-L2 

23 

K-15 

18 

/j,„  0  mA 

bare  Si 

Q1-L3 

21 

K-17 

06 

/d.vc  =  -  2  mA 

bare  Si 

Qt-L4 

20 

K-4 

23 

Ai,m,  =  +  1  mA 

bare  Si 

Q1-L5 

07 

K-5 

12 

4m  =  33  mA 

bare  Si 

Q2-L1 

01 

K-8 

13 

no  flood 

photoresist 

Q2-L2 

22 

K-14 

02 

/j„c  =  0  mA 

photoresist 

Q2-L3 

16 

K-24 

08 

=  -  2  niA 

photoresist 

Q2-L4 

15 

K-13 

09 

/di^  ~  +  1  mA 

photoresist 

Q2-L5 

24 

K-34 

24 

4m  =  33  mA 

photoresist 

As  ^.5X10 
Q.3-L1 

''/cm\  60keV 

12 

K-37 

07 

no  flood 

bare  Si 

Q3-L2 

11 

K-10 

04 

4,m  =  0  niA 

bare  Si 

Q3-L3 

14 

K-12 

05 

^diM.  ^  “  2  rnA 

bare  Si 

Q3-L4 

09 

K-06 

03 

^uiv.  =  +  f  mA 

bare  Si 

Q3-L5 

08 

K-16 

14 

4m  =  45  mA 

bare  Si 

Q4-L1 

10 

K-11 

11 

no  flood 

photoresist 

Q4-L2 

03 

K-36 

16 

4,v.  =  0  mA 

photoresist 

Q4-L3 

06 

K-9 

15 

“  2  mA 

photoresist 

Q4-U 

05 

K-J2 

01 

=  +  1  mA 

photoresist 

Q4-L5 

04 

K-20 

17 

4,„  =  45  mA 

photoresist 

PI-Ll 

12 

K-7 

- 

4m  “  45  mA 

bare  Si 

5.4X10-'^  Torr 

P1-L2 

13 

K-35 

- 

=  9  mA 

bare  Si 

5.4X10^'  Torr 

P2-L2 

!4 

K-33 

- 

4m  =  45  mA 

bare  Si 

1.4X10“'’  Torr 

P2-L2 

08 

K-18 

- 

4,^  =  0  mA 

bare  Si 

1.4X10  Torr 
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density  itself  can  also  a"ect  device  yield,  however,  in 
this  study  the  difference  in  the  beam  densities  for  BFj 
and  arsenic  implants  was  not  significant  enough  to 
cause  the  large  difference  in  yield  for  the  two  cases. 
Therefore,  the  relative  contribution  of  the  individual 
beam  densities  to  the  observed  yield  differences  is  not 
clear. 

Of  all  the  BFj  implants,  regardless  cf  the  flood 
condition  employed,  the  yield  for  the  80  A  oxide  device 
was  the  highest  (52.2%)  when  the  disc  current  was  held 
at  0  mA  by  the  auto  emission  flood  control  system,  and 
with  no  photoresist  wafers  present.  However,  when  fixed 
emission  flood  is  used,  the  vield  drops  tremendously 
(25.4%),  demonstrating  the  high  charge-jensitivity  of  the 
thin  gate-oxide  device  structure  used  in  this  study.  The 
drop  in  yield  in  the  case  of  fixed  emission  Hood  is  most 
likely  due  to  overflooding  of  electrons  that  result  in 
negative  charge  damage  of  the  oxide. 

This  finding  is  subtantiated  by  the  results  obtained 
on  the  235  A  oxide  device  under  similar  implant  and 
electron  flood  conditions.  Since  the  oxide  is  thicker  in 
this  case  and  therefore  less  charge  sensitive,  the  effect  of 
overflooding  without  photoresist  wafers  is  not  signifi¬ 
cant.  Howevei,.  the  effect  is  more  pronounced  in  the 


b 


Fig  4.  Yield  of  (a)  80  A  and  (b)  235  A  gale-oxide  devices 
implanted  with  BF2*^,,  5  x  lO' Vcm^,  50  keV  at  6  6  mA  of  beam 
current,  under  various  electron  flood  conditions 
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Fig  5  Yield  of  (a)  80  A  and  (b)  235  A  gate-oxide  devices 
implanted  with  As  5  X  lO' '/cnr,  60  keV  at  9  30  mA  of  beam 
current,  under  various  electron  flood  conditions. 


case  of  implants  run  with  photoresist  wafers  present. 
Outgassing  from  the  photoresist  raises  the  end  station 
pres.sure,  thereby  increasing  the  production  of  electrons 
by  the  beam  interaction  with  the  gas  molecules.  Since 
the  electron  populatioi.  is  enriched,  the  negative  charg¬ 
ing  damage  causes  the  yield  to  drop  more  significantly., 
When  the  disc  current  i;  maintained  at  0  mA  by  the 
auto  emission  flood  system  the  yield  improves  to  100% 
for  the  235  A  oxide  device.  Fig.  6  illustrates  the  above 
phenomenon  by  Q-Monitor  signals  for  a  BFj  implant 
run  under  different  flood  conditions  with  photoresist 
wafers  pre.sent.  It  is  worth  noting  that  the  charge  signals 
=  0  are  completely  sunpressed  regardless 
of  the  conditions,  thereby  demonstrating  the  excellent 
control  characteristics  of  the  auto  emission  flood  sys¬ 
tem. 

measurements  [9]  were  made  on  the  correspond¬ 
ing  Varian  test  wafers  for  all  implants  of  table  1.  For 
arsenic  implants,  the  0^,0  peaks  for  th-'  implants  with 
photoresist  occur  at  30-32  C/cm‘  while  for  non-photo¬ 
resist  implants,  the  peaks  are  at  29-30  C/cm^.  This 
indicates  that  the  presence  of  photoresist  creates  post-- 
tive  charging  effects  as  one  would  ex^iect.  Similar  effects 
of  photoresist  have  been  observed  by  other  workers  as 
well  [10).  It  is  also  observed  that  the  presence  of  photo- 
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Fig.  6  Q-Monitor  signals  for  a  BFj  implant  with  photore.sr.t  wafers  present,  reeorded  under  conditions  of  (a)  no  electron  flood,  (b) 
=  0  mA  with  auto  emission  control  flood  and  (c)  fixed  emission  electron  flood. 


resist  had  little  effect  on  the  2(,d  ''^'ue  for  the  BFj 
implants. 

While  the  effects  of  vanous  electron  flood  conditions 
have  been  investigated  as  a  function  of  changing  pres- 

Table  2 

Effect  of  end  station  pressure  on  the  yield  of  a  235  A  oxide 
device  under  different  electron  flood  conditions.  Implant;  ar¬ 
senic,  5  X 10' Vcnt^.  60  keV,.  /beam  =  9  30  mA. 


Test 

Device 

Electron  flood 

ES  pressure 

Device 

ID 

ID 

conditions 

[Torr] 

yield  [%] 

Pl-Ll 

12 

fcm  =  45mA 

5.4X10'^ 

100 

P1-L2 

13 

/d,«  =  0  mA 

5.4x10'5 

100 

P2-L1 

n 

Iem  =  45mA 

1.4X10'“ 

95.5 

P2-L2 

08 

fjisc  =  0  mA 

1.4X10'“ 

100 

sure  conditions  caused  by  the  photoresist  wafers,  ad¬ 
ditional  tests  were  done  to  compare  the  effects  of  the 
“fixed  emission”  and  the  “auto  emission”  electron  flood 
systems  on  device  yield,  under  constant  pressure  condi¬ 
tions  maintained  through  the  length  of  the  entire  im¬ 
plant.  Tests  were  done  for  the  arsenic  implant  under 
two  different  pressure  conditions  and  the  yields  for  the 
235  A  oxide  device  were  compared  for  the  two  electron 
flood  systems.  The  results  are  summarized  in  table  2. 

Under  both  conditions  of  pressure  tested,  the  yield  is 
maintained  at  100%  with  the  auto  emission  system 
holding  the  disc  current  at  0  mA.  However,,  a  slight 
drop  in  yield  occurs  at  the  higher  of  the  two  pressure 
conditions  (1.4  xlO""'*  Torr)  when  the  fixed  emission 
flood  IS  used.  As  explained  earlier,  this  drop  in  yields  is 
attributed  to  negative  charging  caused  by  the  increased 
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electron  population  resulting  from  the  ion  beam  interac¬ 
tion  with  the  gas  molecules.  This  effect  was  substanti¬ 
ated  by  the  slight  negative  shift  observed  in  the  l2bd 
peak  of  the  Varian  oxide  sample  also  run  together  with 
the  test  in  question.  Although  one  can  argue  that  the 
observed  drop  in  yield  is  rather  small,  this  effect  will  be 
more  pronounced  in  thinner  oxides  due  to  their  high 
sensitivity  towards  charging,  as  has  been  explained 
earlier. 

In  addition,  sheet  resistance  monitor  wafers  im¬ 
planted  with  all  the  tests  showed  excellent  uniformity 
and  repeatability  regardless  of  the  implant,  pressure  and 
electron  flood  conditions  employed.  These  results  indi¬ 
cate  that  the  Faraday  system  is  well  designed  so  as  to 
prevent  any  electron  leakage  and  that  the  electron  flood 
characteristics  do  not  degrade  the  accuracy  of  the  dose 
measurement  system. 


6.  Conclusions 

The  merits  of  the  control  characteristics  of  the  auto 
emission  control  electron  flood  system  for  the  XP  series 
of  Varian  high  current  implanters  have  been  demon¬ 
strated  on  state-of-the-art  charge-monitor  wafers  under 
several  conditions  of  implantation. 

The  introduction  of  the  Q-Monitor  as  an  added 
accessory  to  the  auto  emission  system  represents  a  step 
towards  a  better  understanding  and  more  localized  con¬ 
trol  of  wafer  charging.  The  information  provided  by  the 
combination  of  the  above  systems  will  allow  the  users  to 
optimize  the  charge  control  conditions  in  a  more  effi¬ 
cient  and  cost-effective  manner. 
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Operating  procedure  for  improving  ion  source  lifetime  for  the  80-1 80XP 
ion  implanter 

S.R.  Walther  and  R.F.;  Outcault 

Varian  Ion  Implant  Systems,  Blackburn  Industrial  Park,  Gloucester,,  MA  01930,  USA 


The  limited  lifetime  of  the  Freeman  ion  source  filament  has  been  the  cause  of  equipment  downtime,  for  filament  replacement,  in 
the  use  of  high  current  ion  implanters.  The  ion  source  lifetime  of  the  160XP  ion  implanter  has  been  improved  by  a  factor  of  four  for 
high  current  operation,  where  source  hfetime,  especially  with  boron,  has  been  very  limited.  The  key  to  obtaining  this  result  is  a 
reduction  of  physical  sputtenng  of  the  tungsten  filament.  This  is  achieved  by  minimizing  the  arc  voltage  used  by  the  ion  source,  while 
still  aelivering  the  same  boron  performance.  The  reduction  m  filament  wear  is  also  applicable  to  other  dopants,  and  has  been 
demonstrated  with  arsenic.  Calculations  of  the  sputtering  rate,  as  a  function  of  arc  voltage,  are  consistent  with  the  improvement  in 
filament  lifetime  noted  expenmentally  and  imply  that  further  improvements  may  be  possible. 


I.  Introduction 

The  limited  ion  source  lifetime  of  the  Freeman  ion 
source  used  on  the  80-180XP  ion  implanter  [1]  has  been 
a  problem,  contributing  to  the  overall  downtime  of  the 
machine.  This  is  particularly  true  during  high  current 
"b^  ion  beam  operation.  To  address  this  issue,  it  is 
important  to  know  the  mechanisms  by  which  the  source 
filament  is  eroded.  The  most  likely  mechanism  is 
sputtering  of  the  filament  material  by  plasma  ions.  The 
rate  at  which  this  process  progresses  is  determined  by 
the  plasma  density  (roughly  proportional  to  the  dis¬ 
charge  power)  and  the  arc  voltage  (which  determines 
the  plasma  ion  energy,  along  with  a  small  contribution 
from  the  plasma  potential).  A  second  mechanism  that 
reduces  filament  life  is  cycling  of  the  source  on  and  off. 
Although  it  IS  not  completely  understood,  the  filament 
appears  to  fail  prematurely  when  subjected  to  complete 
thermal  cycling  (the  source  is  allowed  to  cool  and  is 
then  restarted). 

The  Freeman  ion  source  12]  has  been  used  for  many 
years  in  the  ion  implantation  industry.  The  use  of  the 
externally  generated  axial  magnetic  field,  in  combina¬ 
tion  with  the  magnetic  field  produced  by  the  filament 
itself,;  provides  the  electron  confinement  for  the  dis¬ 
charge.  The  electrons  emitted  from  the  filament  have  a 
cycloidal  orbit  [3]  in  the  region  near  the  filament.  This 
results  in  a  substantial  plasma  density  gradient  between 
the  filament  and  the  ion  extraction  slot  of  the  ion 
source.  The  limited  filament  lifetime  of  the  Freeman 
source  is  due  to  the  high  plasma  densities  near  the 
filament.  In  order  to  improve  the  filament  lifetime, 
either  the  plasma  density  must  be  reduced,  or  the 
sputtering  rate  per  plasma  ion  striking  the  filament 
must  be  reduced.  Unfortunately,  reducing  the  plasma 


density  also  reduces  the  beam  current  available  and  is 
therefore  unacceptable. 

It  is  well  known  that  lowering  the  arc  voltage  of  the 
discharge  increases  the  source  lifetime  by  reducing 
sputtering.  The  improvement  in  filament  life  is  due  to 
the  much  lower  sputtenng  coefficient  for  incoming  ions 
at  reduced  arc  voltages,  as  well  as  the  reduction  in 
plasma  density.  The  sputtering  coefficient  is  a  very 
strong  function  of  the  ion  energy  (arc  voltage).  The  rate 
can  be  calculated  using  an  empincal  relation  [4],  given 
below,  as  a  function  of  ion  mass  (m,).  target  atom  mass 
{m2),  ion  energy  (IF),  and  the  surface  binding  energy 
(IFh)  of  the  filament  material.  A  value  of  8.4  eV  is  used 
here  for  the  }V^,  of  tungsten.  The  ion  energy  (IF)  is 
given  approximately  by  the  sum  of  the  arc  voltage  and 
the  plasma  potential: 

Rate  =  0.0064m2;8^/-'(IF/IF,h)‘^‘'(l  -  IF,h/IF)’^^; 
where  fi  is  given  by  4m,m2/(m,  +  m2)^,  and  IF,^  is 
given  by  IF^Z/Jf!  -  )3),  for  m,/m2  S  0  3,  or 
8IFh(m,/m2)^^*  for  m\/m2  >  0.3. 

In  the  case  of  boron,  the  discharge  contains  F"^,- 
BF"*^,  and  BF2^  as  the  dominant  ion  species  in  the 
plasma.  The  minor  difference  in  sputtering  yield  of 
’”B'^  (versus  ''B^)  is  neglected  here.  The  ion  beam 
fractions  of  the  different  species  were  measured  on 
numerous  occasions  for  high  current  boron  operation. 
An  average  of  33%  B'',  21%  F+,  11%  BF"",,  and  35% 
BF2*'  was  used  to  model  the  discharge,  even  though 
there  is  some  variation  over  time  and  from  one  test  to 
another.  The  sputtering  rate  for  each  species  was  calcu¬ 
lated  and  summed.  Fig.  1  shows  the  relative  sputtering 
rate  as  a  function  of  ion  energy  for  a  tungsten  filament 
in  a  BF3  discharge.  This  graph  details  the  significance  of 
the  arc  voltage  to  the  sputtering  rate.  A  change  of  ion 
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Ion  Energy  (eV) 

Fig  1  Calculated  physical  sputtering  rate  versus  ion  energy  for 
a  BF3  discharge. 

energy  from  120  to  60  V  results  in  a  tenfold  reduction 
in  the  sputtering  rate.  To  arrive  at  an  actual  rate,  the 
results  must  be  multiplied  by  the  local  current  density 
of  the  plasma.  If  this  value  is  known,  the  erosion  due  to 
physical  sputtering  of  the  filament  as  a  function  of  time, 
and  hence  filament  lifetime,  can  be  calculated. 

2.  160XP  lifetime  experiments 

Initial  testing  was  conducted  to  determine  the  actual 
source  lifetime  using  standard  operating  procedures, 
which  specify  an  arc  voltage  c..  ~  120  V,  while  the  arc 
current  is  used  as  a  free  parameter  to  adjust  the  beam 
current.  The  implanter  was  operated  at  a  constant  5  mA 
of  beam  current  (100  keV  beam  energy)  in  the  end 
station,  since  5  mA  "B'^  can  be  achieved  immediately 
and  maintained  over  the  course  of  the  test.  In  this  case, 
the  source  lifetime  was  between  12  and  14  h  during 
standard  operation,  with  no  thermal  cycling  of  the  ion 
source.  Lifetime  is  defined  here  as  the  actual  operating 


time  during  which  the  source  is  producing  the  specified 
"B"^  ion  beam,  until  the  filament  fails. 

To  determine  if  higher  arc  currents  and  lower  arc 
voltages  would  improve  source  life,  a  production  ma¬ 
chine  was  operated  at  a  constant  5  A  of  arc  current, 
normally  the  upper  limit  for  this  parameter,  and  the  arc 
voltage  was  varied  in  a  manner  to  maintain  the  constant 

5  mA  of  "B"^  ion  current.  The  use  of  the  larger  arc 
current  allowed  a  reduction  in  the  arc  voltage,  while  still 
providing  the  same  performance.  These  tests  lasted 
several  days,  which  included  cycling  the  source  on  and 
off,  with  the  result  of  a  .source  life  of  27  h.  The  test  was 
repeated  twice  to  confirm  this,  and  lifetimes  of  26.5  and 
28.5  h  were  obtained.  This  includes  the  effect  of  the 
source  cycling  on  and  off,  where  the  filament  often  fails 
even  though  the  diameter  is  relatively  large.  This  prema¬ 
ture  filament  failure  is  most  likely  caused  by  mechanical 
stresses  induced  by  rapid  thermal  expansion  and  con¬ 
traction  of  ion  source  parts  during  startup  and  shut¬ 
down.  This  can  be  alleviated  through  continuous  oper¬ 
ation  of  the  ion  source.  The  arc  voltage  was  reduced  to 
60  V  towards  the  end  of  these  tests  as  the  filament 
became  thinner. 

Additional  testing  was  undertaken,  using  a  constant 

6  A  arc  current  and  24  h/d  operation,  to  determine  if 
further  improvements  in  source  life  were  possible.  It 
should  be  noted  that  operation  at  6  A  of  arc  current 
exceeds  the  rated  power  supply  capacity  and  is  not 
recommended.  The  results  of  these  tests  show  the  im¬ 
pact  a  large  reduction  in  arc  voltage  and  continuous 
operation  can  achieve.  Source  lifetimes  of  66.  43,  39.5, 
and  60"^  h  were  attained  during  operation  at  5  mA  of 
"b^  current.  The  60  h  test  was  terminated,  due  to 
personnel  con str, lints,  before  the  filament  failed.  The 
true  filament  lilc  lor  that  test  is  estimated  to  be  S  75  h 
using  an  extrapolation  based  on  the  filament  current. 


□  Standard  Trial  1 
0  Standard  Trial  2 
0  Standard  T rial  3 
M  5  A  Arc  Trial! 

^  5  A  Arc  Trial  2 
0  5  A  Arc  Trial  3 
H  6  A  Arc  T  rial  1 
H  6  A  Vrc  T  rial  2 
I  6  A  Arc  Trial  3 
■  SAArcTriaU’ 

1  2  3 

Filament  Life  Operating  Procedures 

Fig.  2.  Source  life  results  for  testing  with  a  5  mA  "b^  10ns  beam.  *  Test  terminated  prior  to  filament  failure. 
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Fig.  3  Arc  voltage  as  a  function  of  time  for  the  three  cases 
tested 


Fig.  2  is  a  graph  illustrating  the  improvement  in  source 
life  obtainable  by  reducing  the  arc  voltage,  while  pro¬ 
ducing  the  same  beam  current  for  three  cases:  (1)  stan¬ 
dard  operation,  (2)  5  A  arc  current  operation,  and  (3)  6 
A  arc  current  operation.  It  should  be  emphasized  that 
high  current  boron  operation  ordinarily  represents  the 
worst  case  for  source  lifetime. 

These  experiments  have  demonstrated  that  operation 
of  the  160XP  at  reduced  arc  voltages  and  higher  arc 
currents  than  are  currently  standard  has  substantially 
improved  the  source  lifetime  during  high  current  BFj 
operation,  when  source  life  is  a  serious  problem.  This  is 
due  to  a  reduction  in  filament  sputtering  by  plasma  ions 
at  the  lower  arc  voltages.  Fig.  3  shows  the  arc  voltage 
used  as  a  function  of  time  for  the  three  cases  tested.  The 
major  difference  is  the  lower  arc  voltage  used,  when  the 
arc  current  is  maintained  at  a  constant  value.  Arc 
current  for  the  three  cases  is  detailed  in  fig.  4.  The 
relative  rate  of  filament  wear  for  these  three  cases  can 
be  judged  from  the  slope  of  the  filament  current  as  a 
function  of  time,  shown  in  fig.  5.  This  indicates  the 
improvement  due  to  the  reduction  in  arc  voltage  used. 
Operation  at  a  constant  5  A  of  arc  current  resulted  in  a 
2  times  improvement  in  source  life  versus  standard 
operation.  If  the  effect  of  thermal  cycling  of  the  source 


Time  (Hours) 

Fig.  5.  Filament  current  as  a  function  of  time  for  the  three 
cases  tested. 

IS  accounted  for,  the  real  improvement  is  even  larger. 
For  continuous  operation  at  6  A  of  arc  current,  a  source 
lifetime  of  ~  4  times  (an  average  lifetime  of  over  52  h) 
that  attained  during  standard  operation  was  achieved 
Using  the  measured  arc  voltages,  and  assuming  a 
plasma  potential  of  5  V,  the  filament  lifetime  results  are 
compared  with  physical  sputtering  theory..  Fig.  6  uses 
the  standard  120  V  arc  data  to  determine  a  plasma 
density  consistent  with  the  measured  13  h  lifetime.  The 
data  from  the  66  h  6  A  arc  test  was  then  modeled  for 
comparison.  The  experimental  values  of  the  final  fila¬ 
ment  radii  are  denoted  by  solid  triangles  on  the  graph. 
The  theory  predicts  a  somewhat  lower  wear  rate  (larger 
radius)  than  that  found  experimentally.  However  the 
predicted  lifetime,  determined  by  extrapolating  the 
physical  sputtering  model,  was  ~  6  X  the  standard 
value  ( ~  84  h).  versus  the  actual  value  of  ~  5  X  (66  h) 
This  represents  relatively  good  agreement,  considering 
the  strong  dependence  of  sputtering  rate  on  ion  energy 
and  the  assumptions  made  regarding  plasma  density 
and  potential.  This  -esult  does  not  rule  out  chemical 
effects,  since  chemically  enhanced  physical  sputtering 
could  also  be  taking  place.  This  process  would  have  a 
similar  dependence  on  ion  energy  as  physical  sputtering, 
but  the  rate  would  be  increased  through  a  chemical 
reaction  on  the  filament  surface. 


Fig.  4.  Arc  current  as  a  function  of  time  for  the  three  cases 
tested. 


Time  (Hours) 

Fig.  6  Calculated  filament  radius  versus  time  using  Ihe  physi¬ 
cal  sputtering  model. 
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3.  Operation  with  arsenic 

While  improving  the  source  life  for  boron  operation 
is  critical  overall,  it  is  certainly  advantageous  to  be  able 
to  extend  these  results  to  other  species  such  as  arsenic 
and  phosphorous.  Given  the  long  lifetimes  expected, 
testing  until  filament  failure  is  not  feasible.  Instead  the 
rate  of  filament  wear  is  measured  based  on  operation 
for  10  h  continuously  at  maximum  beam.  Two  trials,  for 
both  standard  operation  and  extended  life  operation, 
have  been  completed  for  arsenic  using  arsine  gas.  It  was 
expected  that  there  would  be  little  improvement  in  life 
due  to  the  already  low  arc  voltage  (55-65  V)  which  is 
standard.  However,  the  results  show  that  reducing  the 
arc  voltage  further  does  provide  a  significant  reduction 
in  filament  wear.  Fig.  7  shows  the  filament  current  as  a 
function  of  time  for  the  case  of  standard  operation 
(constant  65  V  arc  voltage)  and  extended  life  operation 
(constant  ~  35  V  arc  voltage),  which  used  the  lowest 
arc  voltage  possible  from  the  power  supply..  The  rate  of 
filament  wear  can  be  roughly  judged  by  the  slope  of  the 
data  points.  It  is  clear  that  the  rate  of  wear  is  much 
lower  at  the  reduced  arc  voltage,  which  is  consistent 
with  physical  sputtering  as  the  dominant  wear  mecha¬ 
nism.  This  is  also  bom  out  by  the  filament  diameters  at 
the  end  of  the  test.  The  measured  filament  diameters 
after  these  tests  were  1.45  and  1.60  mm  for  standard 
operation,  and  1.93  and  1.96  mm  for  the  test  conducted 
at  low  arc  voltages.  As  usual,  the  initial  filament  diame¬ 
ter  was  2.03  mm. 

Fig.  8  details  the  relative  sputtering  yield  for  As”^  as 
i.  function  of  ion  energy,  calculated  in  the  same  manner 
as  fig  1.  It  IS  apparent  that  a  reduction  in  arc  voltage  to 
35  V  from  65  V  still  provides  a  substantial  reduction  in 
sputtering  yield.  In  fact,  only  a  reduction  to  a  voltage 
under  ~  50  V  appears  to  be  necessary.  Similar  results 
are  expected  for  operation  with  phosphorous  and  other 
dopants  Hence,  there  is  now  reason  to  believe  that  the 
strategy  of  reducing  are  voltages  to  improve  source  life 
will  be  applicable  to  all  dopant  gases  including  oper¬ 
ation  with  a  vaporizer. 
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Fig.  7.  Filament  current  versus  time  for  standard  and  for 
extended  life  operation. 
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Fig.  8.  Calculated  physical  sputtering  rate  versus  ion  energy  for 
an  arsenic  discharge 


4.  Conclusion 

Filament  lifetime  for  high  current  boron  operation 
has  been  improved  by  an  average  of  a  factor  of  4,  by 
reducing  the  arc  voltage,  with  no  loss  of  performance. 
This  filament  lifetime  improvement  is  also  applicable  to 
other  dopants  and  has  been  demonstrated  during  oper¬ 
ation  with  high  current  As"^  ion  beams  at  reduced  arc 
voltages.  The  dominant  filament  wear  mechanism  is 
physical  sputtering;  in  the  case  of  boron,  chemically 
enhanced  physical  sputtering  is  also  a  possibility.  In 
general  and  particularly  for  high  current  operation,  the 
new  operating  procedure  [5],  utilizing  a  reduction  in  arc 
voltage,  will  result  in  a  substantial  decrease  in  implanter 
downtime.  These  results  have  been  verified  through  over 
500  h  of  tests  on  production  model  160XP  ion  im- 
planters. 

Future  work  will  expand  these  results  to  include 
other  dopants,  and  to  determine  the  effect  on  filament 
life  during  low  and  medium  current  operation.  Al¬ 
though  physical  sputtering  has  been  determined  to  be 
the  dominant  filament  wear  mechanism,  in  the  case  of 
BFj  operation  more  work  should  be  done  to  ascertain 
whether  this  is  chemically  enhanced.  Automation  soft¬ 
ware  to  incorporate  these  improvements  to  the  operat¬ 
ing  procedure  must  be  developed  in  order  to  provide  the 
most  flexibility  to  the  user.  Further  improvements  in 
filament  life,  particularly  during  high  current  boron 
operation,  are  possible  with  a  hardware  upgrade  to 
increase  the  power  supply  capacity 
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Particulate  performance  for  robotics-based  wafer  handling  ion 
implant  system 

M.  Nasser-Ghodsi,  D.,  McCarron.  M.;  Folev,  S.,  Holden,  D.  Veinbachs,  S.  Mooney  and  S.  Ward 

Eaton  Corporation,  Semiconductor  Equipment  Division,  I  On  Cherry  Hill  Drive,  Beverly,  MA  01915,  USA 

The  continued  reduction  in  design  geometries  has  lead  to  manufacturing  sensitivity  to  particulate  generation  in  each  manufactur¬ 
ing  step.  The  NV20A  developed  an  adaptive  wafer  handling  system  for  in-air  wafer  motion.  This  paper  will  discuss  the  development 
criteria  and  particulate  measurement  results  from  expenments  with  the  system.  Origins  of  particulates  are  identified  as  each  step  in 
the  implant  process  is  independently  measured. 

1.  Introduction  pm  particles.  To  accomplish  this,  only  cleanroom-com- 

paiible  components  are  used  in  the  endstation.  The 
The  Eaton  NV20A  high-current  ion  implanter  is  endstation  enclosure  is  stainless  steel  with  a  high-ef- 

designed  to  provide  in-air  wafer  handling  compatible  fictency  grid  table  top,  allowing  constant  laminar  flow 

with  class  1  environments.  High  throughput,  reliable  through  the  wafer  handling  area.  A  large  Lexan  window 

wafer  handling  is  achievable  while  maintaining  the  1  ;vel  is  placed  on  the  front  of  he  system  to  allow  visual 

of  0.5  pm  and  greater  particles  below  0.025  cm“^.  At  observation  of  the  wafer  handling  sequence, 

the  heart  of  the  system  are  two  commercially  availal  ;  Wafer  cassettes  are  added  through  an  automatic 

cleanroom-compatible  robots.  The  robots  provide  clean,  door  in  the  Lexan  window.  Maintenance  access  is 

accurate  pick  and  place  movement  of  the  wafers  through  through  two  doors  on  either  side  of  the  endstation. 

the  system.  Phe  layout  of  the  endstation  provides  ease  Maintaining  balanced  air  pressure  between  the  endsta- 

of  service  without  compromising  performance.  tion  and  the  fab  is  critical  in  maintaining  laminar  air 

flow  in  and  around  the  system.  A  simple  system  of 
louvers  is  used  lo  maintain  pressure  equilibrium  be- 

2.  System  overview  tween  the  endstation  and  fab  when  the  cassette  door  is 

opened.  These  same  louvers  are  used  to  balance  the  air 
In  order  to  successfully  incorporate  a  wafer  handling  pressure  when  the  maintenance  panels  are  open,  expos- 

system  into  a  class  1  environment,  the  airborne  particle  ing  the  endstation  to  the  area  behind  the  clean  room 

level  must  be  maintained  below  1  particle/ft^  for  0.5  wall. 


FARADAY  CART 

Fig.  1.  NV20A  system  schematic. 
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Cleanroom-compatible  robots  are  used  to  transfer 
wafers  through  the  system.  Because  all  wafer  handling  is 
performed  at  atmospheric  pressure,  backside  vacuum 
chucks  can  be  used  for  wafer  transport;  vacuum  sensors 
are  utilized  for  wafer  position  verification.  Positive  wafer 
sensing  allows  the  NV20A  control  system  to  identify 
and  track  each  wafer,,  with  this  information  being  dis¬ 
played  via  a  continuously  updated  wafer  map  [1]. 


3.  System  development 

The  early  development  effort  to  create  a  clean  and 
reliable  wafer  handling  system  for  the  NV20A  centered 
around  the  application  of  cleanroom-compatible  robots 
to  the  existing  NV20  disk  and  chamber  gpoineiry  (2), 
fig.  1.  The  construction  of  the  test  stand  was  based 
upon  well-defined  objectives: 

(1)  Reduced  particulate  generation  from  in-air  wafer 
handling. 

(2)  Improved  wafer  throughput. 

(3)  Class  1  operation. 

(4)  Application  of  commercially  available  six-axis 
robots  for  configuration  flexibility  and  optimization 
potential. 

(5)  Staging  of  multiple  cassettes  for  reduced  operator 
interaction. 

(6)  Selectable  slot-to-slot  wafer  positioning  integrity. 

(7)  Reduced  service  time  to  within  two  hours. 

(8)  Ease  of  reconfiguration  for  different  wafer  sizes,  100 
to  200  mm. 

The  development  base  consisted  of  two  Westing- 
house/Staubli  260  series  arms  mounted  on  an  NV20 
endstation  frame  equipped  with  process  chamber  and 
spinning  disk.  Tooling  was  designed  for  200  mm  wafers, 
assunng  adequate  clearance  for  smaller  wafers  (fig.  2). 
Supervisory  control  of  the  robots  was  through  a  host 
computer  via  RS232  links  with  DEC  DDCMP  protocol 
and  VALII  based  software.  Wafer  handling  vacuum 
functions  operated  through  the  robot  controllers  via  a 
remote  I/O  module. 

During  the  initial  testing,  250000  wafers  were  cycled 
through  the  test  stand.  Several  of  the  test  runs  cycled 
more  than  20000  wafers  between  assists  [3]  with  one 
run  handling  50000  wafers  through  the  system  without 
an  assist.  This  testing  confirmed  the  inherent  reliability 
of  the  design.  Subsequent  tests  were  designed  to  char¬ 
acterize  the  particulate  performance  of  a  system  in  a 
manufacturing  environment. 

4.  NV20A  particle  characterization 

In  order  to  fully  understand  the  root  cause  of 
equipment-generated  particles  in  a  multi-component 
system,  the  particle  contribution  of  each  component 


must  be  characterized.  Four  distinct  components  com¬ 
prise  the  steps  what  a  wafer  experiences  when  being 
processed  in  the  NV20A.  The  four  compoiients  are;' 
wafer  handling,  vacuum  and  vent  cycling,  disk  spin,  and 
implant.  Fig.  3  graphically  represents  this  component 
breakdown. 

The  data  presented  was  taken  over  the  period  of  four 
weeks  from  a  machine  used  in  a  production  facility. 
One  day  each  week  was  set  aside  in  order  to  perform 
these  engineering  tests.  Prior  to  testing,  the  system  was 
brought  up  from  a  cold  start  with  a  100  keV,  10  mA 
Ar^  beam  run  for  twenty  minutes. 

The  experiment  was  designed  to  be  able  to  detect  a 
difference  of  one  in  the  mean  number  of  particles  added 
with  90%  confidence  [3-5).  To  accomplish  this,  for  each 
of  the  components  tested,  ten  consecutive  runs  were 
made  with  150  mm  monitor  wafers.  Fifteen  wafers  were 
used  per  run;,  the  measurements  from  all  fifteen  wafers 
were  used  to  determine  a  run  average.  The  wafers  were 
measured  before  and  after  run  on  a  Tencor  5oOO.  The 
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Fig.  3.  N'VZOA  wafer  handling  component  breakdown. 
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i.Spni  >  o.Spm 


Vac/Vent  Disk  Spin 
Fig.  4.  Particles  per  wafer  | 


Implant  Total 


AVERAGE  ADDERS 


Fig.  5  Particles  added  >  0.5  [iin. 


particle  counts  were  binned  according  to  size:  0.3  to  0.5 
pm.  0.5  to  1.0  pm  and  1.0  to  5.1  pm.  A  7  mm  edge 
exclusion  was  used,  making  the  total  scanned  area  of 
the  wafer  145  cm^. 

The  wafer  handling  sequence  involved  removing 
wafers  from  a  cassette,  orienting  the  flat,  buffering  the 
wafers,  loading  the  wafers  onto  the  implant  disk,  remov¬ 
ing  the  wafers  from  the  disk  and  placing  them  back  into 
the  cassette. 

For  wafer  handling  and  vacuum  cycle,  the  wafers 
were  loaded  onto  the  disk  as  mentioned  above  but, 
before  being  removed,  are  subjected  to  a  vacuum/ vent 
cycle.  During  the  vacuum  cycle,  the  process  chamber 
pressure  is  brought  to  1  X  10'*  Torr  prior  to  venting. 
Differential  venting  was  u.sed  [6];  the  total  vent  time  to 
atmosphere  averaged  20  s. 


For  testing  the  particles  added  during  the  spin  cycle, 
after  the  process  chamber  was  brought  into  high  vacuum, 
the  disk  was  spun  at  1200  rpm  for  3  min.  The  spin 
sequence  was  then  stopped,  the  chamber  vented  and  the 
wafers  removed.  For  the  implant  sequence,  a  100  keV,- 


Table  1 

Subsystem  particulate  contribution 


Component 

Added  particles  [cm 

0.3-0.5  pm  >  0.5  pm 

Wafer  handling 

00012 

0  0015 

Vac/vent 

0  0013 

0.0019 

Spin 

0.0128 

0.0040 

Implant 

0.0316 

0.0094 

Total 

0.0469 

0.0168 
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10  mA  argon  beam  was  implanted  at  a  dose  of  1  X  lO'^ 
ions/cm^. 


5.  Results 

Fig.  4  and  table  1  present  the  summarized  results  of 
the  testing.  The  results  are  presented  in  a  manner  which 
shows  the  particle  contribution  of  each  component  of 
the  implant  sequence.  The  total  particles  added  per  pass 
through  the  system  is  then  the  total  of  each  of  the 
individual  contributions.  This  value  is  shown  in  the  row 
marked  “  total”. 

Ttiis  data  indicates  that  the  wafer  handling  in  air 
and  the  vacuum/vent  cycle  combined  to  add  less  than 
0.5  particles  per  150  mm  wafer.  Because  the  experiment 
was  designed  with  a  sensitivity  of  detecting  a  mean 
change  of  greater  than  one  particle  per  wafer  pass,  the 
particles  added  during  the  wafer  handling  and  vacuum/ 
vent  cycle  cannot  be  separated  from  the  measurement 
noise  and  experiment  error. 

The  spin  cycle  accounts  for  roughly  one  quarter  of 
the  particles  added  to  the  wafers.  The  majonty  of  the 
particles  added  are  the  result  of  the  implantation  step. 
The  number  of  particles  detected  are  well  within  the 
sensitivity  of  the  experiment  and  a  clear  distinction  can 
be  made  between  the  spin  and  implant  sequences. 

The  specification  for  the  NV20A  is  less  than  0.025 
cm'  ^  greater  than  0.5  irm  diameter.  The  average  for  the 
ten  runs  made,  0.0168  cm”^,  is  well  within  these  .specifi¬ 
cation  limits.  Fig.  5  shows  the  average  number  of  adders 
(>0.5  nm)  per  run  for  all  ten  runs  of  the  complete 
implant  sequence.  It  is  seen  that,  with  the  exception  of 
the  first  run,  all  runs  were  within  the  specified  limits 
and  that  the  run  to  run  repeatability  is  quite  good. 


a  >=■  0.66  adders  for  all  ten  runs.  This  goo<l  repeatability 
is  due  largely  to  careful  expenraentai  setup  and  perfor¬ 
ming  the  test  implanhs  under  identical  beam  conditions. 
By  performing  tests  in  this  fashion,  the  experimenter  is 

а. s.*iured  o.  accurate  results  with  a  minimal  number  of 
repetitions 

б.  Conclusion 

The  data  presented  in  this  paper  confirm'  that  the 
design  objectives  of  the  NV20.A  wafer  handling  system 
have  been  met.  Fhe  low  number  of  particles  added 
during  the  wafer  handling  and  vacuum/ vent  cycling 
indicate  that  in-air  wafer  handling  system  is  capable  of 
providing  state-of-the-art  particle  performance,  while 
providing  ease  of  operation  and  maintenance. 
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The  Eaton  NV1002  is  a  high  energy  ion  implanter  with  beam  current  capability  greater  than  1  mA.  Acceleration  to  energies 
between  80  and  2000  keV  is  achieved  with  a  variable  phase  linear  accelerator  (linac).  The  first  production  NV1002  is  being  tested, 
and  the  initial  results  arc  reported.  Currents  of  1-2  mA  can  be  generated  over  an  energy  range  of  40-10(X)  keV  for  boron, 
pho.sphorus,  and  arsenic.  Useful  currents  are  available  at  energies  as  low  as  10  keV,  and  using  doubly  charged  ions,  as  high  as  2  MeV. 
Considerations  for  a  commercial  implanter  such  as  ease  of  operation  are  discussed.  Analyses  of  implanted  wafers  are  presented, 
demonstrating  uniformity,  correct  implant  depth  profiling,  and  freedom  from  contamination 


I.  Introduction 

Several  years  ago,  Eaton  initiated  a  study  to  de¬ 
termine  the  best  method  for  generating  high  energy  ions 
for  ion  implantation.  It  was  concluded  that  rf  linear 
acceleration  was  the  preferred  approach  because  it  al¬ 
lowed  the  use  of  all  relevant  dopants,  was  flexible  in 
energy,  and  was  simple  to  operate.  During  the  course  of 
the  study,  the  variable  phase  linear  accelerator  concept 
was  developed  [1].  Major  advantages  over  the  alterna¬ 
tive  dc  approaches  exist  since  there  are  no  voltages  in 
the  linac  system  above  80  kV  and  a  conventional  ion 
source  can  be  used.  Also,  since  the  linac  block  is  at 
ground  potential,  access  is  easy  all  along  its  length  for 
pumping  and  the  control  of  beam  optics.  These  consid¬ 
erations  led  to  the  rapid  development  of  the  NV1(X)0 
implanter,  which  has  been  a  technically  successful  sys¬ 
tem  capable  of  generating  beam  currents  up  to  1  mA 
[2]  Subsequently,  it  was  recognized  that  several  im¬ 
provements  could  be  made  to  reduce  the  machine  foot¬ 
print  and  increase  beam  current  capability.  This  led  to 
the  development  of  the  NV1(X)2. 

The  NV1002  linac  has  been  designed  pnmarily  to 
accelerate  singly  charged  ions  in  the  mass  range  from  11 
to  75  amu.  It  is,  however,  useful  outside  that  range, 
though  with  lesser  acceleration  capability.  For  example, 
H  ^  should  be  accelerated  to  >  500  keV,  and  since 
doubly  charged  ions  behave  in  the  linac  like  particles  of 
half  their  mass,  ions  up  to  Sb^"’  are  also  accelerated. 
The  NV1002  uses  the  same  sources  as  Eaton’s  other 
implanters,  and  utilizes  the  Eaton  NV20A  robotic  en- 
dstation.  The  automated  software  control  of  the  source, 
injector,  linac  and  robotics  is  consistent  with  the  generic 


system  developed  for  the  NV20A.  Such  cross-model 
commonality  has  obvious  advantages.  The  NV1002 
combines  high  energy  (1  MeV)  and  low  energy  (10-80 
keV)  performance  in  a  single  machine.  This  article 
presents  results  from  the  initial  performance  tests  of  the 
first  installed  NV1002. 


2.  Beam  current  and  energy  capabilities 

The  principle  of  rf  linear  acceleration  with  variable 
phase  control  and  the  design  of  the  NV1002  have  been 
described  earlier  [3-5].  The  present  design  specifica¬ 
tions  of  the  NV1002  include  an  energy  range  of  80-1000 
keV  for  singly  charged  ions,  current  capability  of  1  mA, 
and  mass  acceptance  from  B^'’'  to  Sb^^.  These  goals 
have  been  achieved  and  in  some  cases  surpassed.  Infor¬ 
mation  from  the  initial  tests  are  summarized  below, 
beginning  with  the  low  energy  range  which  uses  only 
the  dc  injector  stage  of  the  system. 

In  the  energy  range  below  80  keV,  the  NV1002 
performance  is  similar  to  that  of  a  conventional 
medium-current  ion  implanter.  The  ion  beam  is  accel¬ 
erated  to  final  energy  in  the  dc  injector  stage  of  the 
machine.  The  beam  passes  through  the  linac  with  all  of 
the  rf  cavities  off..  Radial  focussing  through  the  linac  is 
maintained  using  the  small  electrostatic  quadrupole 
lenses  which  are  between  each  cavity. 

For  energies  from  10  to  80  keV  sufficient  current  is 
always  available  from  the  injector  to  optimize  transmis¬ 
sion  through  the  linac.  Maximum  beam  currents  are 
limited  by  increased  space  charge  effects  in  the  linac 
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which  cannot  be  overcome  by  the  electrostatic  quadru- 
poles.  For  a  given  beam  energy  £beam  and  ion  mass 
A/,„n,  these  space  charge  effects  lead  to  final  beam 
currents  that  vary  more  or  less  in  accordance  with 
(^^am/^bcam)-  ^  Series  of  beam  tests  were  performed 
on  the  first  NV10C2.  At  each  of  several  energies,  and  for 
three  different  ion  species,  the  current  injected  into  the 
linac  was  increased  until  no  substantial  increase  in  final 
transmitted  current  was  observed.  While  there  is  more 
testing  to  be  done,  the  currents  observed  to  date  in¬ 
crease  as  expected  and  are  displayed  in  fig.  1. 

Ion  energies  above  80  keV  are  achieved  through  the 
use  or  one  or  more  of  the  twelve  cavities  of  the  rf  linac. 
The  first  cavities  are  used  to  form  the  80  keV  injected 
dc  beam  into  ion  “bunches”  at  the  fundamental  operat¬ 
ing  frequeni-j  jf  the  machine  (6.78  MHz).  In  the  sim¬ 
plest  bunch-iig  scheme,  the  conversion  of  the  dc  beam 
into  bur  n  is  done  with  a  typical  efficiency  of  about 
25%.  This  bunching/ transmission  efficiency  (<)  is  de¬ 
fined  as  the  ratio  of  the  total  beam  current  at  the 
entrance  of  the  linac  to  the  final  accelerated  and 
energy-analyzed  beam  current  delivered  to  the  endsta- 
tion.  The  ratio  reflects  the  capture  efficiency  of  the 
bunching  cavities,  limitations  on  the  focussing  power  of 
the  quadrupole  lenses  and  beam  dynamical  losses  along 
the  linac.  In  some  instances  it  includes  a  small  beam 
loss  due  to  mechanical  collimators  at  the  linac  entrance. 
In  practice,  these  efficiencies  for  the  NV1002  vary  from 
20-35%.  The  determination  of  optimized  acceleration 
parameters  (namely  phases  and  voltage  amplitudes  for 
each  cavity  and  quadrupole  voltage  settings)  for  the 
NV1002  has  been  made  using  our  simulation  program 


Beam  Energy  (kaV) 

Fig  1.  The  beam  intensities  (mA)  of  B"^,-  P"^  and  As'^  de¬ 
livered  through  the  linac  m  low  energy  dc  mode. 


Fig.  2.  The  bunching/transmission  efficiency  (e)  of  the  linac  as 
a  function  or  energy  from  10  to  800  keV.  Below  80  keV,  the 
transmission  nses  lo  almost  30%  Above  80  keV.^  the  transmis¬ 
sion  falls  but  recovers  at  about  200  keV.-  and  remains  essen¬ 
tially  constant. 


LINAC  [2].  Data  sets  of  the  acceleration  parameters  are 
available  for  a  wide  range  of  species  and  energy  and  are 
stored  for  immediate  recall  in  the  control  system.  Ad¬ 
ditional  bunching  techniques  are  being  developed  to 
capture  more  of  the  dc  beam.  Higher  bunching  capture 
efficiency  will  be  useful  when  the  optimization  of  dou¬ 
bly  charged  ion  currents  is  investigated. 

In  the  energy  range  just  above  80  keV,  where  rf 
acceleration  begins,  the  maximum  current  transmitted 
through  the  operating  linac  drops  below  the  maximum 
current  transmitted  in  the  80  keV  dc  mode.  This  effect 
is  clearly  seen  in  fig.  2  for  and  As^  beams  and  is 
due  to  the  bunched  nature  of  the  rf  beam,  where  the 
increased  peak  space  charge  density  reduces  transmis¬ 
sion  thiough  the  linac  because  of  ladial  expansion  of 
the  bunches.  Above  200  keV.  the  increased  beam  energy 
compensates  for  the  high  peak  currents.  In  this  higher 
energy  range  the  maximum  current  limits  remain  fairly 
flat  up  to  the  highest  energy  of  the  machine,  because  the 
amount  of  charge  which  can  be  accommodated  in  a 
single  beam  pulse  (and  thus  the  current)  is  determined 
in  the  bunching  process  early  in  the  linac.  Fortunately, 
two  techniques  should  allow  significantly  improved 
transmission  in  the  80  to  200  keV  range.  First,  accelera¬ 
tion  of  doubly  charged  ions  in  the  dc  mode  can  provide 
relatively  high  currents  up  to  160  keV.  Second,  oper¬ 
ation  of  the  linac  in  an  accelerate/ decelerate  mode  may 
allow  beams  with  energy  greater  than  200  keV  to  be 
decelerated  at  the  end  of  the  linac  into  the  80-200  keV 
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range.  The  accel/decel  mode  has  not  been  demon¬ 
strated  to  date  and  the  outcome  is  likely  to  be  depen¬ 
dent  on  the  final  energy  spread  that  is  acceptable. 

The  first  NV1002  has  not  yet  been  fully  char¬ 
acterized,  however  table  1  shows  the  results  of  initial 
measurements  for  a  vanety  of  ions  and  energies.  The 
injected  and  transmitted  current,  as  well  as  the  bunch¬ 
ing/  transmission  efficiency  (e)  i.s  shown.  It  should  be 
noted  that  m  most  ca,ses  listed  hero,  the  injected  current 
was  not  maximized,  so  that  the  table  does  not  represent 
the  maximum  performance  of  the  machine.  Singly 
charged  As^  beams  of  about  450  pA  have  been  gener¬ 
ated  from  200  to  800  kev.  This  As”^  data  was  collected 


Table  I 

Initial  results  of  injected  and  transmitted  currents  for  a  variety 
of  species  and  energies.  In  many  cases  more  transmitted  cur¬ 
rent  could  be  obtained  by  increasing  the  injected  current.  Note 
that  results  for  P^'*^  and  are  given  in  charge  mA 


Species 

Energy 

[keV] 

Injected 

current 

ImA] 

Transmitted 

current 

(mA) 

B/T 

efficiency 

(0 

B" 

200 

4  52 

0.83 

0.18 

B* 

500 

416 

1.02 

0  24 

B" 

800 

412 

1.03 

0.25 

B* 

800 

- 

1  5 

- 

B‘ 

950 

- 

1  08 

- 

200 

2.6 

0  527 

0.20 

P* 

280 

2  47 

0  666 

0.27 

P" 

300 

2.5 

0.650 

0.26 

P‘ 

350 

290 

0  702 

0.24 

P" 

400 

4  37 

1  19 

0.27 

P" 

500 

55 

1.1 

0.20 

P‘ 

600 

- 

10 

- 

P* 

770 

5.7 

1.37 

0  24 

P* 

800 

44 

1  1 

0.25 

P* 

880 

9.1 

1.88 

0.20 

P* 

900 

- 

1.00 

- 

P"^ 

1000 

4.75 

1.28 

0.27 

P^ 

1000 

100 

1  8 

0.18 

As* 

200 

1.98 

0  350 

0.17 

As^ 

300 

1.99 

0  580 

0  29 

As* 

400 

2.4 

0.500 

0.21 

As* 

500 

2.0 

0.443 

0.22 

As"*^ 

600 

2.0 

0.516 

0  26 

As* 

700 

2.0 

0.416 

0.21 

As* 

800 

2.06 

0.466 

0.23 

Ar* 

1000 

- 

1.0 

- 

N/ 

464 

7.25 

2.0 

0.28 

p2  + 

1900 

_ 

0.450 

_ 

B^* 

1400 

- 

0.100 

- 

with  a  relatively  low  injected  current  and  higher  trans¬ 
mitted  values  are  obtainable  with  higher  injected  cur¬ 
rents.  beams  of  at  least  1  mA  were  produced  at  500 
and  950  keV  and  1.5  mA  was  produced  at  800  keV., 
Singly  charged  phosphorus  beams  of  at  least  1  mA  and 
ranging  up  to  1.8  mA  have  been  generated  in  the  400  to 
1000  kev  range.  Although  the  general  current  specifica¬ 
tion  of  the  NV1002  is  1  mA,  the  goal  has  been  to 
develop  stable  2  mA  beams  over  a  broad  range  of 
species  and  energies.  A  2  mA  beam  of  has  been 
produced.  At  770,  880  and  1000  keV,  stable  beams 
up  to  1.8  mA  were  generated  by  increasing  the  injected 
current.  At  these  high  currents  (and  corresponding  high 
injected  currents)  transmission  efficiency  drops  signifi¬ 
cantly  and  loading  on  the  electrostatic  quadrupole  sup¬ 
plies  becomes  significant.  (Compare  the  transmitted 
currents  for  4.75  and  10  m/a  of  injected  ?■*■).  Achieve¬ 
ment  of  2  mA  capability  in  normal  operation  will 
require  modification  of  injection  optics  and  an  increase 
in  the  power  handling  capabilities  of  the  quadrupole 
lenses.  Finally,,  the  use  of  doubly  charged  ions  allows 
acceleration  to  energies  above  1  MeV.  Currents  of  450 
charge  pA  of  1.9  MeV  and  100  charge  pA  of  1.4 
MeV  have  been  produced 


3.  Linac  operation 

At  full  energy,  all  twelve  acceleration  stages  of  the 
linac  are  under  power.  Each  stage  requires  three  control 
parameters,  rf  voltage,  rf  phase,  and  electrostatic 
quadrupole  voltage.  Thus  for  a  given  ion  species  and 
final  energy,  there  are  as  many  as  36  parameters  to  be 
set  for  proper  operation.  These  parameters  constitute  a 
Linac  Data  Set.  The  NV1002  control  system  contains 
data  sets  for  boron,  phosphorus,  and  arsenic  for  en¬ 
ergies  from  100  to  1000  keV  in  100  keV  increments. 
Data  sets  at  intermediate  energies  may  be  generated  in 
a  few  minutes  by  manual  adjustment  of  the  machine 
parameters  and  then  added  to  the  database.  In  normal 
operation,  the  source/ injector  stage  and  linac  are 
ramped  to  the  desired  settings  simultaneously.  The  dc 
beam  is  injected  into  the  linac,  and  high  energy  beam 
current  is  observed  in  the  final  Faraday  cup.  If  source 
parameters  and  total  current  are  similar  to  the  condi¬ 
tions  under  which  the  stored  data  set  was  originally 
created,  >  90%  of  the  optimized  beam  current  is  typi¬ 
cally  available  without  fine  tuning.  Linac  fine  tuning  to 
optimize  final  current  is  fully  automated,  allowing  peak 
beam  currents  to  be  achieved  in  1-2  min. 

From  the  experience  with  the  NVIOOO  linac  and 
through  the  use  of  many  proven  NV20A  components 
and  subsystems,  the  NV1002  should  be  a  very  reliable 
implanter..  The  first  period  of  operation  is  confirming 
this  belief. 
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4.  Implanted  wafer  analysis 

Good  implant  uniformity  is  a  critical  feature  of  any 
implanter.  As  a  check  on  uniformity,  implants  were 
done  on  200  mm  wafers  with  1.2  mA  of  900  keV  P"^. 
Wafers  were  dosed  to  5  X  10’^  cm“^  using  a  tilt  of  7° 
and  a  twist  of  0°.  Fig.  3  shows  a  contour  map  of 
resistivity  obtained  from  a  Prometrix  Omnimap  RS20 
for  a  preamorphized  wafer.  This  shows  excellent  uni¬ 
formity,  with  a  <0.5%.  Additionally,  the  mean  sheet 
resistivity  is  as  expected  for  the  dose.  The  implant  depth 
profile  was  examined  through  spreading  resistance  mea¬ 
surements  as  well  as  via  SIMS  (secondary  ion  mass 
spectrometry)  analysis.  Fig.  4  is  a  spreading  resistance 
measurement  for  a  wafer  implanted  with  500  keV  B^. 
The  peak  of  the  concentration  curve  is  just  over  1  pm, 
consistent  with  theoretical  and  measured  ranges  of  500 
keV  [6].  Fig.  5  is  a  SIMS  analysis  of  a  500  keV  P"*^ 
implant.  It  has  a  peak  concentration  at  a  depth  of  about 
0.6  pm  and  a  straggling  width  near  0.17  pm.  This  is 
consistent  with  measured  values  [6]  of  straggling.  Wafers 
were  also  analyzed  for  impurities.  Fig.  6  shows  SIMS 
analysis  of  a  wafer  implanted  with  1.4  MeV  B^  for  the 
presence  of  B,  Na,  Al,  Cr,  Fe  and  Mo.  The  concentra¬ 
tions  measures  are  accurate  to  about  20%  and  the  depth 
to  within  10%.  All  the  impurities  are  small,  have  a  flat 
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Fig  4.  A  spreading  resistance  measurement  for  a  500  keV  B'*' 
implant 
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Fig.  3.  A  sheet  resistivity  map  of  a  900  keV  P*  implanted 
wafer.  Uniformity  is  good  with  a  <  0.5% 


Fig.  5.  A  SIMS  analysis  of  a  500  keV  P"*  implant.  The  peak 
concentration  is  near  0.6  pm. 
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Fig.  6  A  SIMS  analysis  of  a  1400  keV  implant.  Con¬ 
tamination  is  low 

distnbution  in  depth  (and  are  probably  dominated  by 
instrumental  backgrounds).  The  peak  of  the  boron  dis¬ 
tribution  is  just  over  2  pm  deep,  again  consistent  with 
measured  and  calculated  values  (6), 

Such  low  contamination  might  be  expected.  The 
injector  stage  mass  analysis  prevents  unwanted  species 
from  entering  the  linac.  The  linac  itself  has  mass  selec¬ 


tivity.  Injected  contaminants  as  well  as  contaminants 
created  in  the  linac  will  be  out  of  phase  and  gain  little 
energy.  Finally,  the  51°  post  acceleration  energy  analy¬ 
sis  will  refine  the  mass  purity  further. 

5.  Conclusions 

The  NV1002,  an  rf  linac  based  implanter,  is  a  robust, 
flexible,  and  simple  to  operate  tool  for  high  energy 
implantation.  It  has  been  demonstrated  to  generate 
milliampere  beams  of  boron  to  arsenic  in  the  MeV 
energy  range.  Low  energy  capability  below  80  keV  is 
similar  to  standard  medium  current  implanters.  Uni¬ 
form,  low  contamination  implants  of  the  expected  de¬ 
pth  profile  have  been  generated.  Because  of  scheduling 
considerations,  there  was  no  prototype  for  the  NV1002 
and  the  first  system  to  be  made  was  recently  shipped. 
Its  initial  performance  characteristics  are  very  encourag¬ 
ing  and  final  testing  will  determine  the  full  power  of  the 
NV1002. 
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A  versatile  ion  implanter  for  planar  and  3D  device  construction 
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The  ever  increasing  demand  for  smaller  devices  is  creating  a  new  set  of  performance  and  reliability  problems.  Overcoming  these 
problems  requires  sophisticated  device  structures  incorporating  advanced  knowledge  of  device  physics  coupled  with  improved  process 
uniformity  and  precision.  Fabrication  of  such  structures  in  silicon  and  compound  semiconductors  is  generating  o'mands  for  new 
process  technology.  An  ion  unplanter  has  been  designed  specifically  for  improvement  of  process  control  and  construction  of 
advanced  three-dimensional  device  structures.  The  instrument  uses  a  programmable  goniometer  as  the  target  positiomr  g  system.  This 
versaule  end  station,  combined  with  a  sophisticated  automation  and  control  system,  is  designed  to  meet  the  emerging  requirements 
for  flexible  target  positioning  and  repositioning  for  both  planar  and  3D  structures  Details  of  the  design  of  this  new  ion  implanter  are 
desenbed  and  performance  specifications  are  presented. 


1.  Introduction 

Recent  trends  toward  denser  circuit  designs  have 
resulted  in  the  development  of  3D  circuit  structures  to 
augment  planar  technology..  These  challenges  of  modern 
integrated  device  technology  also  present  challenges  to 
designeis  of  semiconductor  manufacturing  equipment. 
Eaton  Corporation  has  developed  an  ion  implanter 
specifically  designed  to  provide  superior  performance  in 
many  of  the  areas  related  to  the  new  technologies. 
Implanter  improvements  which  facilitate  construction 
of  3D  devices  also  result  in  improved  process  control 
for  planar  devices,  especially  implant  uniformity  and 
reduced  variability  from  channeling  effects. 


2.  Modem  semiconductor  device  technology 

An  increasing  vanety  of  3D  devices  are  being  devel¬ 
oped  to  make  more  efficient  use  of  semiconductor 
surface  area  or  to  provide  enhanced  device  perfor¬ 
mance.  A  literature  survey  [1]  has  disclosed  a  growing 
variety  of  active  3D  devices  constructed  on  the  sidewalls 
of  trenches  or  islands  created  by  etching  processes. 
Implantation  doping  of  such  devices  requires  inclining 
the  wafers  at  substantial  angles  with  respect  to  the 
incident  ion  beam  and  rotating  the  wafer  during  im¬ 
plantation. 

Besides  active  3D  devices,  a  wide  variety  of  applica¬ 
tions  for  implanting  isolation  trenches  and  trench 
capacitor  walls  have  been  identified  (2,3].  These  typi¬ 
cally  require  tilt  angles  of  4°  to  2u®  (depending  on  the 
trench  aspect  ratio)  and  continuous  or  quadrant  rota¬ 
tion  for  complete  coverage. 

For  very  narrow  trenehes,  grazing-angle  implants 
which  do  not  directly  illuminate  the  entire  depth  of  the 


tiench  can  be  effective  because  of  reflection  of  the 
tncident  beam  into  the  deeper  porttons  of  the  trench  [2]. 
In  fact,  forward  scattering  of  dopant  to  the  bottom  of 
deep  trenches  must  be  compensated  to  achieve  uniform 
doping  of  trench  sidewalls.  Fig.  J  illustrates  the  prob¬ 
lem.  Implant  a,  a  grazing  implant  intended  to  illuminate 
the  sidewalls  and  bottom,  results  in  considerable  for¬ 
ward  scattering  and  poor  sidewall  doping.  The  bottom 
is  more  heavily  doped  than  the  sidewalls.  Implant  b  is 
performed  at  a  higher  lilt  angle,  which  results  in  less 
forward  scattering  and  greater  sidewall  penetration.  At 
a  still  greater  tilt  angle,  implant  c  completes  the  doping 
of  the  upper  portions  of  the  sidewalls  with  very  little 
additional  sc.ittenng  to  the  deeper  portions.  The  multi¬ 
tilt  process  results  in  a  uniformly  implanted  trench  and 
reduces  sensitivity  to  sidewall  angle  and  scan  angle 
variations.  Distributing  dopant  around  all  sides  of  the 
trench  requires  rotation  or  rotational  repositioning. 

Very-small-scale  planar  devices  suffer  from  bother¬ 
some  hot-carrier  effects,  subthreshold  conduction,  thres¬ 
hold  voltage  shifts,  and  punchthrough  phenomena.  New 
implant  techniques  to  fabricate  small-scale  planar  de¬ 
vices  with  immunity  to  these  effects  have  been  de¬ 
scribed  [4,5].  The  methods  called  LATID  (large-angle 
tilt  implanted  drain)  and  LATIPS  (large-angle  tilt  im¬ 
planted  punchthrough  stopper)  both  require  large  tilts 
(25 ‘’-45°)  and  rotation  or  repositioning  during  the 
implant. 

The  down-scaling  of  device  dimensions  requires  shal¬ 
lower  junction  depths  accompanied  by  somewhat  higher 
threshold  adjii.stment  doses.  This  results  in  greater  sensi¬ 
tivity  of  threshold  voltage  to  the  shape  of  the  dopant 
profile.  The  simultaneous  increase  in  critical  channeling 
angles  resulting  from  the  use  of  lower-energy  implants 
for  threshold  shift  implants  has  compounded  the  diffi¬ 
culties  of  producing  uniform  distributions  with 
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Fip.  1  Trench  sidewall  doping'  multiple  tilt  implant  steps  a.  b  and  c  contribute  to  improved  sidewall  doping  uniformity  See  text  for 

details. 


cost-effective  electrostatically  scanned  medium-current 
ion  implanters.  These  effects  can  be  even  more  pro¬ 
nounced  in  high-Z  substrates  such  as  GaAs  and  other 
compound  semiconductors,  since  higher-Z  substrates 
exhibit  larger  critical  angles  for  channeling.  Junction 
depth  variation  due  to  channeling  and  other  residual 
non-umformities  such  as  dopant  gradients  due  to  wafer 
tilt  or  uncorrected  scanner  non-uniformities  can  be  re¬ 
duced  by  performing  multiple  implant  segments  with 
wafer  repositioning  between  segments.  When  optimal 
anti-channeling  tilt  and  twist  angles  have  been  chosen 
this  can  be  effected  by  implanting  a  fraction  of  the  dose 
in  each  of  the  symmetric  lattice  orientations.  For  (100) 
materials  this  requires  four  partial  implants,  and  for 
(111),  three.  Dramatic  additional  improvement  in  areal 
and  depth  uniformity  results  from  the  averaging  effects 
produced  when  wafers  are  continuously  rotated  during 
implantation  [6] 


3.  A  versatile  new  ion  implanter 

Eaton  has  developed  a  highly  automated  new  medi¬ 
um-current  ion  implanter.  It  has  been  optimized  for 
doing  a  broad  range  of  low-  and  medium-dose  implants 
including  the  emerging  implants  requiring  versatile 
target  positioning  capabilities.  Thus  implanter,  Eaton 
model  NV-62(X)AV,  'S  based  upon  the  design  of  the 
successful  NV-6200A  and  uses  that  machine’s  field 
proven  high-voltage  terrmnal,  beam  line  and  control 
system.  To  this  basic  tool  has  been  added  a  new  end 
station  having  a  wafer-holding  target  block  which  is  a 
fully  programmable  goniometer.  The  target  goniometer 
is  capable  of  presenting  the  wafer  to  the  ion  beam  in 
any  combination  of  tilt  and  twist  within  its  range.  It  is 
further  capable  of  repositioning  the  target  during  the 
implant,  either  in  discrete  steps,  or  in  continuous  mo¬ 
tions.  Since  the  system  is  designed  as  a  production  tool. 
It  is  capable  of  doing  implants  requiring  complex  posi¬ 
tioning  at  high  throughputs.  The  system  provides  high¬ 


speed  electrostatic  scanning,  cassette-to-cassette  auto¬ 
matic  handling  and  single-wafer  serial  processing.  Table 
1  summarizes  a  few  key  specifications  of  the  Eaton 
model  NV-6200AV  ion  implanter. 

Fig.  2  shows  the  mechanical  construction  of  the 
goniometer  stage  and  positioning  system.  The  target  is 
shown  in  its  horizontal,  wafer  loading/unloading  posi¬ 
tion.  From  this  position  it  rotates  90  °  about  its  tilt  axis 
to  reach  the  0  °  tilt  implant  position.  The  tilt  drive  is  a 
worm-and-gear  drive.  A  dnve  train  transmits  the  target 
rotary  motion  through  the  hollow  interior  of  the  yoke. 
The  yoke  interior  is  hermetically  sealed  from  the  im¬ 
plant  vacuum  chamber  to  isolate  particles  generated  in 
the  drive  mechanisms  from  the  process  chamber. 
Ferro-fluidic  feedthroughs  couple  all  target  positioning 
motions  into  the  vacuum  chamber  to  increase  reliability 
and  to  minimize  maintenance.  Pick-and-place  robotic 
arms  (not  shown)  move  wafers  through  vacuum  locks 
and  load  and  unload  the  platen.  This  method  of  gentle, 
low  particulate  handling  was  first  introduced  in  the 
Eaton  model  NV-6200  implanter,  and  now  enjoys  wide 
acceptance  as  a  reliable,  minimum-contamination,  tech¬ 
nique. 

Micro-Step 


Fig.  2.  NV-6200AV  end-stalion  target  goniometer  motions 
and  drive-tram  arrangement. 
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Table  1 

NV-6200AV  itnplanter  specification  summary 

Ion  beam  energy  range: 

Maximum  scanned  beam  currents: 


Throughput,  10  s  implants: 

Water  flat  positioning: 
Water  tilt: 

Water  repositioning: 

Water  sizes 

Particulate  contamination. 
Dose  umformity: 


Requires  an  optional  high-efficiency  ion  source. 


5  to  200  keV  for  singly  charged  ions 

Species  Beam  current  (jiA) 

700(1000  “*) 

P^  1700 

As+  1400 

B2+  25  ” 

p2+  300  a) 

As^""  300 

Continuous  rotation,  >  200  wafers  per  hour 

Quadrant  rotation  with  beam  gating  between  steps,  >170  wafers  per  hour 
Variable,  fully  programmable,  0-(360±2)° 

Variable,  fully  programmable,  0-(60±0.5)® 

Up  to  15  discrete  positioning  steps  per  implant 
3  :n.  to  150  mm 

Adds  (statistical  mean)  <  0,12  particles  >03  (im/cm^ 
a  <  0.5%  for  single-position  implants 
0  <  0.35%  for  implants  with  rotation 


The  implanter  automation  system  performs  auto¬ 
matic  source  and  beam-line  setup  and  tuning  across  a 
wide  range  of  implant  conditions.  Process  specifications 
can  be  stored  and  recalled  by  the  system’s  fixed  disk 
storage  or  downloaded  from  a  remote  host.  All  ion- 
beam,  dose  and  wafer-motion  control  information  can 
be  pre-stored  in  process  recipe  records.  During  produc¬ 
tion,  the  implanter  is  operated  automatically  by  a  re¬ 
mote  host  using  the  SECS  II  communication  protocol, 
or  operated  locally  in  either  manual  or  automatic  modes. 
The  operator  interface  for  local  operation  is  a  large  (48 
cm),  high-resolution  color  CRT  with  an  infrared  touch- 
sensitive  screen.  Fiber-optic  interfacing  isolates  and 
protects  the  system  control  computer  from  electrical 
transients. 


4.  Scanning  and  target  control 

A  digital  scan  generator  synthesizes  complex  scan 
waveforms  at  high  speed  to  automatically  compensate 
system  scan  non-uniformities  or  the  effects  of  large  or 
varying  tilt  angles.  The  scanning  method  is  high-speed 
electrostatic  X-Y  scanning  of  approximately  2.7  kHz, 
each  axis.  Because  of  the  high-speed  scan,  continuous 
rotation  of  the  target  during  implant  is  possible  without 
risk  of  loss  of  implant  uniformity  due  to  spatial  beat 
frequencies  between  the  scan  and  rotation  frequencies, 
as  occurs  in  mechanically  scanned  systems. 

Target  rotation  during  the  implant  can  be  continu¬ 
ous  or  can  consist  of  up  to  15  discrete  repositioning 
steps.  Target  tilt  is  also  programmable  in  up  to  15 
discrete  steps.  Each  stored  process  recipe  contains  con¬ 
trol  instructions  for  ion-beam  setup,  operating  parame¬ 


ter  limits,  and  target  positioning  for  up  to  15  implant 
segments.  For  each  implant  segment  the  process  en¬ 
gineer  can  independently  specify  tilt  angle,  flat  orienta¬ 
tion,  implanted  dose  and  amount  of  continuous  rotary 
motion  during  the  implant  segment.  At  tilt  angles  above 
a  few  degrees  the  cosine  dependence  of  implanted  dose 
to  tilt  angle  becomes  significant  This  dependence  is  a 
geometric  effect  resulting  from  the  foreshortening  of  the 
tilted  wafer  with  respect  to  the  beam.  The  dose  control 
system  automatically  compensates  the  beam  fluence  to 
provide  accurate  doping. 

Fig.  3  schematically  illustrates  the  patented  [7]  meth¬ 
od  for  rotary  motion  control.  The  target  Faraday  en¬ 
closure  collects  the  incident  beam  for  dosimetry  pur¬ 
poses.  A  digital  packet  integrator  digitizes  the  beam 
current  and  emits  a  step  pulse  each  time  it  integrates  a 
precalculated  charge  packet,  P: 

P  =  D/Sn, 

where  D  is  the  total  desired  dose  for  the  segment,  S  the 
number  of  target  steps  per  degree  of  rotation  (ap¬ 
proximately  56),  and  n  the  number  of  degrees  of  rota¬ 
tion  desired  during  the  segment.  As  the  incident  beam 
current  fluctuates,  the  angular  velocity  of  the  target 
varies  proportionate^,  assuring  that  the  implanted 
dopant  is  uniformly  distributed  with  respect  to  angular 
position  on  the  wafer.  The  method  also  assures  that  the 
implanted  dose  can  be  distributed  over  a  precise  num¬ 
ber  of  revolutions  of  the  target.  Older  implant  systems 
having  continuous  rotation  capability  have  used  high 
speed  free  spinning  rotation  without  synchronization  to 
the  implanted  beam.  In  such  systems,  unless  the  number 
of  free  spinning  revolutions  is  high,  considerable  non¬ 
uniformity  results  from  failure  to  illuminate  al)  sides  of 
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Fig.  3.  Digital  servo-controlled  target  rotation  synchronizes  motion  to  ion  beam. 


the  three-dimensional  structures  equally  because  of  end 
effects  from  beam  gating.  Since  rotary  velocities  should 
be  low  to  avoid  spatial  beat  frequencies  between  scan 
and  rotation  frequencies,  free  spinning  systems  must 
trade  off  between  throughput  and  uniformity.  Servoing 
the  rotary  motion  to  the  beam  avoids  this  tradeoff. 

5.  Uniformity  results 

Fig.  4  shows  typical  implant  uniformity  results  ob¬ 
tained  with  the  NV-6200AV  implanter.  The  If  contour 
interval  maps  are  from  thermally  modulated  conductiv¬ 
ity  measurements  obtained  using  a  Therma-Wave,  Inc. 
model  TP-300  laser  measurement  system.  The  Therma- 
Wave  measurement  technique  exhibits  depth-weighted 
sensitivity  and  is  therefore  quite  sensitive  to  channeling 
effects.  Implants  were  of  10  s  duration  at  doses  of 
5X10"  ions/cm^  into  150  mm  diameter,  <100>  bare 
(oxide-free)  silicon  wafers  at  100  kcV  energy.  The  im¬ 
plant  tilt  angle  was  1°.  Because  of  the  low  dose  and 
absence  of  an  amorphous  oxide  layer,  this  implant  is 
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Fig.  4.  NV-6200AV  implant  uniformity  results:  (a)  quadrant 
implant  (4x  repositioned,  a  =  0.88%),  (b)  continuous  rotation 
(o  -  0.18%).  See  text  for  details. 


very  susceptible  to  the  effects  of  channeling  due  to 
implant  angle  variation  in  electrostatically  scanned  sys¬ 
tems.  Two  wafers  are  shown.  Wafer  a  was  positioned 
with  an  initial  23°  rotational  alignment,  but  implanted 
in  .our  segments  (1/4  of  the  total  dose  given  at  each 
segment)  with  90°  additional  rotation  between  each  of 
the  segments.  Wafer  b  had  an  initial  flat  orientation  of 
23°  and  was  rotated  through  360°  during  the  implant 
using  uniform  continuous  motion  synchronized  to  the 
beam.  Wafer  a  shows  that  even  with  discrete  reposition¬ 
ing  during  implantation,  residual  channeling  effects  re¬ 
sult  in  some  nonuniformity  of  junction  depth.  However, 
in  wafer  b  we  see  that  continuous  rotation  provides  the 
equivalent  of  randomized  implant  direction,  with  re¬ 
sultant  reduction  of  channeling  effects  below  measura¬ 
ble  limits. 
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Simulation  of  the  geometrical  characteristics  of  a  mechanically  scanned 
high  current  implanter 

Frank  Sinclair 

Eaton  Corporation,  Beverly,  MA  01915.  USA 


An  understanding  of  the  geometncal  properties  of  the  implantation  process  is  essential  for  the  optimization  of  dose  control 
algorithms  and  for  control  of  channeling  effects.  The  EATON  mechanically  scanned  implanters  use  a  closed  loop  dose  measurement 
s>  tern  to  control  the  scan  speed  in  the  slow  direction.  The  input  for  this  is  provided  by  a  measurement  of  the  beam  through  a 
rectangular  slot  in  the  disk.  Analytical  calculations  of  the  approximations  involved  in  this  approach  become  prohibitively 
complicated  when  one  wishes  to  consider  all  possible  beam  shapes,  angular  spreads  and  disk  geometries  For  this  reason,  we  have 
implemented  a  computer  program  which  uses  a  simple  approach  based  on  a  Monte  Carlo  simulation  of  the  implant  process.  The 
results  show  that  the  basis  of  the  control  algorithm  is  sound,  leading  to  deviations  of  less  than  0.3%  across  a  150  mm  wafer  for  all 
plausible  beam  geometries.  Another  feature  of  this  approach  is  that  it  allows  easy  calculation  of  the  angle  with  which  the  ion  beam 
penetrates  the  wafer  or  other  geometrical  considerations 


m 


1,.  Introduction 

Mechanically  scanned  batch  high  current  ion  tm- 
planters  typically  mount  the  wafers  on  a  rotating  disk 
which  is  also  translated  in  a  linear  motion  past  a  steady 
beam  of  high  energy  tons.  The  dose  and  uniformity  of 
the  implant  is  controlled  by  adjusting  the  speed  of  the 
linear  scan.  One  essential  feature  of  this  adjustment  is 
that  it  must  compensate  for  changes  in  the  beam  cur¬ 
rent.  Despite  all  the  advances  in  this  approach,  iionuni- 
formities  due  to  the  failure  of  some  part  of  the  system 
do  occur,  and  some  nonumformity  may  also  be  intro¬ 
duced  in  the  design  of  the  equipment. 

There  have  been  several  observations  of  very  linear 
dose  gradients  on  wafer  maps  where  the  delivered  dose 
was  several  percent  lower  at  the  point  on  tr.e  wafer 
furthest  from  the  center  of  the  spinning  disk,  and  rising 
monotonically  towards  the  center..  In  some  cases  the 
elimination  of  this  gradient  has  only  been  achieved  by 
the  implementation  of  a  softv  are  program  that  com¬ 
pensated  heuristically  for  the  observed  gradient. 

Many  possible  explanations  for  the  origin  of  these 
gradients  have  revolved  around  the  geometrical  assump¬ 
tions  implicit  in  the  dose  control  algorithm.  Because  the 
general  three-dimensional  geometrical  problem  is  a  very 
complicated  situation,  it  is  very  difficult  to  justify  all 
the  assumptions  by  analytical  argument.  We  therefore 
decided  that  it  might  be  useful  to  undertake  a  simula¬ 
tion  of  the  dose  control  system  so  as  to  evaluate  these 
geometrical  issues  without  it.voking  any  debatable  ana¬ 
lytical  approximations. 


This  report  is  a  description  of  the  computer  program 
written  to  address  these  issues  and  some  of  the  results 
of  the  calculations.  In  summary,,  the  conclusion  is  that 
with  the  dose  control  algorithm  as  implemented  on 
Eaton  implanters,  none  of  the  expected  ranges  of  beam 
current  distributions  should  produce  a  gradient  of  more 
than  about  0.5%  across  a  15  cm  wafer.  This  is  signifi¬ 
cantly  less  than  has  been  observed  on  several  instances, 
and  suggests  that  other  mechanisms  are  responsible  for 
the  observed  effects.  The  approach  to  the  simulation  of 
the  geometrical  characteristics  of  an  implanter  however, 
has  other  applications  and  may  be  useful  in  simulating 
several  process  issues. 


2.  The  dose  control  algorithm 

The  fundamental  operation  of  the  dose  control  al¬ 
gorithm  is  based  on  the  use  of  a  rectangular  slit  in  the 
disk  [1,2].  The  fraction  of  the  beam  current  that  passes 
through  the  slot  is  measured  by  a  Faraday  behind  the 
disk  which  measures  the  beam  .as  it  passes  through  the 
slit,  and  the  slow  scan  advances  at  a  velocity  propor¬ 
tional  to  tliis  current.  Tlic  justification  for  this  al¬ 
gorithm  can  be  appreciated  by  considering  the  dose 
distribution  />,(>')  deposited  in  one  pass  by  a  beam 
with  a  current  density  a  (x',,  y')  trave'iug  at  a  velocity  v 
in  the  x-direction: 

D,{y)  =  \jj{x',y')dx'.  (1) 
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The  charge  deposited  into  a  slit  of  width  s  in  the  plane 
of  the  wafer  is  given  by: 

Q=^f  y')  <iy' ’^sjDiiy)  d}--  (2) 

If  we  now  carry  out  many  passes  in  the  fast  scan 
direction,  each  displaced  by  a  distance  8y  in  the  slow 
scan  direction,  the  final  dose  to  every  point  on  the 
wafer  is  given  by:’ 

D{y)  =  'Z^,(yy>^y)-  (3) 

t 

In  the  limit  of  small  by,  D(y)  becomes  perfectly  con¬ 
stant  and  can  be  expressed  as  an  integral: 

Thus  a  uniform  implant  can  be  achieved  by  displacing 
the  beam  a  distance  8>'  =  Q/Ds  in  the  y  direction 
between  passes.  Notice  that  this  derivation  is  applicable 
to  any  general  shape  of  the  beam  current  distribution 
and  at  any  velocity  for  the  fast  scan.  It  does,  however, 
assume  that  the  fast  scan  and  slow  scan  directions  are 
orthogonal  and  that  the  slit  has  a  constant  width  ni  the 
fast  scan  direction. 

In  the  context  of  a  rotating  disk  ion  implanter,  if  the 
wafer  passes  through  the  beam  at  a  frequency  /,  the 
rotation  frequency  of  the  disk,  the  ideal  slow  scan 
velocity  is  given  by  u  =  byf==  Qf/Ds.  If  several  passer 
ar2  used,  the  velocity  is  appropriately  scaled  for  the 
number  of  passes  over  any  given  point  on  the  wafer. 
This  application  of  the  gener:  ormula  docs  not  allow 
for  the  fact  that  the  fast  scan  mrection  is  not  linear  aiid 
thus  may  not  be  perpendicular  to  the  slow  scan  direc¬ 
tion  at  some  off  axis  points  in  the  beam,  nor  does  it 
allow  for  the  position  of  the  slit  in  a  plane  different 
from  that  of  the  wafer.  These  deviations  from  the  ideal 
case  make  an  analytical  approach  to  calculating  the 
dose  on  the  wafer  for  a  given  control  algorithm  very 
difficult,  and  we  have  therefore  developed  a  computer 
program  to  understand  the  effects  of  a  given  algorithm. 


3.  Monte  Carlo  program 

We  selected  a  Monte  Carlo  approach  based  on  the 
calculation  of  the  trajectories  of  discrete  particles  rather 
than  the  alternative  of  the  numerical  integration  of 
three-dimensional  vector  fields.  The  program  is  called 
MIKADO,  loosely  standing  for  Monte  Carlo  dose  anal¬ 
ysis.  The  Monte  Carlo  approach  allows  easy  visualiza¬ 
tion  of  what  is  happening  in  the  .simulation  by  use  of  a 
simple  subroutine  that  displays  a  projection  of  the 
important  coordinates  in  any  of  the  three  principal 
directions.  This  approach  also  decouples  the  various 
geometrical  issues,  making  it  quite  easy  to  change  the 


Fig.  1  Diagram  showing  the  geometrical  elements  simulated  in 
the  program  MIKADO. 


orientation  of  the  beam  or  the  slit  in  the  program,  or  to 
add  other  objects  as  desired. 

The  main  elements  of  the  geometrical  model  are 
illustratea  in  fig.  1 .  The  coordinate  system  is  fixed  with 
the  r-axis  parallel  to  the  rotation  axis  of  the  disk.  The 
origin  of  the  coordinate  system  is  at  the  apex  of  the 
cone  formed  by  the  sweep  of  the  slit  in  the  disk  at  the 
starting  slow  scan  position.  The  wafer  is  radially 
centered  in  the  span  of  the  slit  rotated  by  15“,,  and 
elevated  by  a  small  amount  in  the  /-direction. 

The  beam  is  defined  by  specifying  a  circular  aper¬ 
ture,  a  mean  direction  and  a  divergence.  Since  MIKADO 
assumes  that  the  beam  is  made  up  of  a  large  number  of 
discrete  particles  that  travel  in  straight  lines,  the  pro¬ 
gram  selects  a  random  point  within  the  circular  aperture 
and  uses  this  as  the  starting  point  of  the  particle’s  path. 
The  propagation  direction  is  then  set  to  be  a  unit  vector 
in  the  mean  beam  direction  plus  a  ve''tor  given  by  a 
product  of  the  selected  divergence  and  the  relative  posi¬ 
tion  of  the  starting  point  within  the  aperture. 

The  program  then  calculates  the  interception  of  the 
particle  path  with  the  plane  of  the  slit,  and  if  it  passes 
through  the  rectangular  slit  aperture  the  program  as¬ 
sumes  that  it  will  enter  the  disk  Faraday  and  thus 
increments  a  simulated  disk  Faraday  charge  (Q)  by  one. 
Similarly  the  interception  with  the  plane  of  the  wafer  is 
calculated,  and  if  it  falls  within  the  circle  of  the  wafer,  a 
two-dimensional  dose  matrix  is  incremented. 

After  an  adjustable  number  of  particles  have  been 
propagated  in  this  maimer,  the  disk  is  rotated,  and  new 
positions  for  the  sht  and  the  wafer  are  calculated  and 
can  be  displayed  on  the  screen.  This  sequence  repeats 
until  both  the  slit  and  the  wafer  have  passed  the  beam. 
At  this  point,  the  y  position  of  the  disk  is  incremented 
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by  an  amount  given  by  8>'  =  Q/Ds  where  D  is  the 
target  dose  (in  particles/cm^)  and  s  is  the  sht  width 
(cm).  The  simulation  only  does  a  single  slow  scan  in  y 
and  only  considers  singly  charged  species. 

The  program  was  executed  in  compiled  Basic  on  a 
386  personal  computer  with  a  math  coprocessor  and 
compared  to  a  real  implant,  the  effective  beam  current 
is  tiny.  It  can  calculate  about  1000  particle  trajectories 
per  second,  about  10'^  less  current  than  a  real  im- 
planter.  Because  the  particles  are  randomly  distributed 
within  the  confines  of  the  beam,  the  final  dose  uniform¬ 
ity  is  governed  by  Poisson  statistics.  An  ovemi^lit  simu¬ 
lation  can  build  up  to  a  dose  of  about  1  x  10*  cm“^  and 
this  gives  an  accuracy  of  about  0.4%  in  the  dose.  An 
average  of  five  such  runs  reduces  the  purely  Poisson 
spread  to  below  0.2%,  sufficient  for  the  problem  at 
hand. 


4.  Simulation  results 

Fig.  2  shows  a  photograph  of  the  screen  during  the 
execution  of  the  program,  about  half  way  through  an 


implant.  The  wafer  (in  pink)  and  the  slit  (orange)  are 
shown  superimposed  for  a  sequence  of  angular  rotations 
of  the  disk.  The  lines  traced  by  the  beam  particles  are 
shown  in  red.  with  their  intersections  with  the  wafer  in 
pink.  The  accumulating  dose  matrix  is  overlaid  in  red 
and  blue,  showing  the  total  dose  for  each  square  centim¬ 
eter  on  the  wafer.  In  this  case  the  target  dose  was  100 
cm  for  illustrative  purposes.  Fig.  3  is  a  photograph  of 
the  completed  run  shown  in  fig.  2.  The  top  array  shows 
the  final  accumulated  dose  matrix.  Notice  that  the 
variation  from  the  target  dose  is  dominated  by  Poisson 
statistics  in  this  low  dose  test.  Runs  to  higher  doses  are 
needed  to  show  small  deviations  from  the  target  dose. 
The  lower  array  shows  the  average  angle  of  implanted 
ions  measured  in  terms  of  the  deviation  from  the  wafer 
normal  in  the  x-direction.  In  this  case  the  random 
nature  of  the  program  has  very  little  effect  and  the 
systematic  variation  in  angle  is  readily  apparent. 

Fig.  4  shows  a  comparison  of  the  dose  offsets  and 
gradients  produced  by  various  deviations  from  the  ideal 
geometry.  The  horizontal  axis  represents  a  “top  to 
bottom  diameter  scan"  of  a  wafer  in  the  usual  orienta¬ 
tion.  with  the  edge  of  the  wafer  closest  to  the  outer 


Fig.  2.  Photograph  showing  the  sireen  during  the  execution  of  the  program,  about  half-way  through  an  implant.  The  wafer  and  slit 
are  shoi^n  at  several  angular  positions.  The  accumulating  dose  matrix  is  overlaid. 
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radius  of  the  disk  corresponding  to  ^  =  -  7  cm,  and  the  jc-direction.  so  that  it  no  longer  lies  in  the  plane  formed 

inner  edge  at  +  7  cm.  All  these  simulations  were  run  by  the  axis  of  rotation  and  the  y  scan  direction.  As  can 

with  a  1  cm^  bin  size,  and  bins  within  the  circular  wafer  be  seen  this  last  condition  produces  a  larger  average 

were  averaged  across  the  wafer  in  the  x  direction  to  give  overdosing  and  a  significant  gradient,  overdosing  at  the 

the  y  dependence  shown.  The  vertical  axis  is  the  dose  inner  radius  of  the  disk.  The  total  gradient  simulated  is 

relative  to  a  target  dose  of  100000  particles/ cm^.  about  1%  edge  to  edge,  leading  to  a  standard  deviation 

The  line  labeled  “nominal  NV20A'‘,.  was  calculated  of  the  dose  of  about  0.4%.  In  an  NV20A  implanter,  the 

assuming  a  1  cm  diameter  parallel  beam,  incident  at  6®  maximum  opening  of  the  disk  Faraday  is  about  4  cm 

to  the  z-axis  in  the  y-2-plane.  The  line  labeled  Div  =  from  the  middle,  making  this  amount  of  deviation  im- 

0.3R  was  calculated  using  a  very  widely  divergent  beam.  possible, 

such  that  particles  emerging  from  the  edge  of  the  aper¬ 
ture  had  an  angle  of  0.3  rad  (17°)  with  respect  to  the 

beam  direction.  The  last  point  in  this  data  set  has  been  5.  Analytical  apprnximaticns 
omitted  because  a  sufficient  overscan  length  was  not 

allowed  for,  and  this  resulted  in  a  significant  underdos-  After  observing  these  effects,  it  seemed  that  it  might 

mg  at  the  last  point.  The  line  labeled  BeamDia  =  5  cm  be  useful  to  revisit  the  simplest  analytical  models  of  the 

was  calculated  with  a  zero  divergence,  but  a  beam  geometrical  situation  to  see  if  they  might  elucidate  the 

spread  out  uniformly  over  a  circle  with  a  5  cm  diameter.  deviations  observed.  The  two  smooth  lines  in  fig.  4  are 

All  three  of  these  conditions  produced  essentially  iden-  based  on  very  simple  calculations.  The  lower  one  is  due 

tical  results:  a  net  overdosing  of  about  0.4%  and  no  to  the  angle  with  which  the  beam  strikes  the  disk  in 

significant  gradient  (less  than  maybe  0.2%  edge  to  edge).  combination  with  the  height  difference  between  the 

The  upper  line,  labeled  offset  =  5  cm  was  calculated  wafer  and  the  slit,  as  illustrated  in  fig.  5.  This  results  in 

by  displacing  a  1  cm  diameter  beam  5  cm  in  the  a  difference  between  the  radius  at  which  the  beam 


Fig.  3.  Photograph  of  the  calculated  output  at  the  completion  of  the  simulation.  The  top  array  (a)  shows  the  final  accumulated  dose 
matrix,  while  the  lower  array  (b)  shows  the  average  angle  of  implanted  ions  measured  in  terms  of  the  deviation  from  the  wafer  normal 

in  the  x-direction. 
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Fig  4.  Dose  simulation  results  with  a  target  dose  of  1  x  10'  cm"’  plotted  as  a  function  of  radial  position  on  the  wafer.  Several 
deviation-from  ideal  geometry  were  considered,  but  n  .ue  produced  a  dose  gradient  that  would  lead  to  a  standard  deviation  of  the 

dose  of  more  than  0,5%. 


strikes  the  slit  in  comparison  to  that  at  the  wafer,  although  in  a  standard  NV20A  the  actual  value  is 

producing  a  dose  shift  given  by  D'  =  D{R  +  h0)/R  smaller,  1.25  cm. 

(where  D  ts  the  target  dose,  R  is  the  radius  at  the  wafer  The  uoper  smooth  curve  in  fig.  4  is  a  first-order 

and  h  is  the  vertical  displacement  from  wafer  to  slit).  analytical  approximation  for  the  effects  of  an  x-direc- 

The  value  used  for  h  in  the  simulation  was  2  cm,  tion  offset,  as  illustrated  in  fig.  6.  If  the  beam  is 
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displaced  by  a  distance  x,  the  actual  radial  position 
IS  given  by  R' =  \[(R^+ x^) .  This  results  in  an 
overdosing  that  can  be  calculated  as  D"  =  D' 
X  \[{r~  +  x^) /R.  This  line  follows  the  results  of 
MIKAEK)  quite  closely  although  ii  was  calculated  with 
no  adjustable  parameters,  and  gives  confidence  that  the 
simplified  algebraic  form  is  sufficiently  accurate  to 
analyze  the  real  situation. 

6.  Other  applications 

The  simulation  of  process  equipment  with  any  given 
set  of  assumptions  aimed  at  elucidating  specific  ques¬ 
tions  often  allows  the  evaluation  of  many  important 
process  issues  [3].  In  this  ca^e,  the  angle  with  which  ions 
strike  the  surface  of  the  wafer  were  easily  extracted 
from  the  geometrical  model,  as  shown  in  fig.  3.  This  can 
facilitate  the  understanding  of  the  effects  of  differential 
channeling  across  the  face  of  the  wafer. 

It  might  also  be  possible  to  extend  the  veracity  of  the 
simulation  to  take  into  account  more  complex  ion 
trajectories,  under  the  influence  of  electrostatic  or  mag¬ 
netic  fields,  or  to  allow  for  the  effects  of  beam  neutrali¬ 
zation  by  collisions  with  residual  gases. 


7.  Conclusions 

It  seems  that  within  the  assumptions  built  into  this 
simulation  (straight  line  particle  paths,  beam  geometry 
independent  of  y-scan  position,  no  charge  neutraliza¬ 
tion,  etc.)  no  plausible  beam  geometry  leads  to  a  signifi¬ 
cant  dose  nonuniformity  and  simple  first-order  analyti¬ 
cal  approximations  are  sufficient  to  estimate  the  magni¬ 
tude  of  the  effects  revealed  by  the  simulation.  The 
explicit  simulation  of  the  geometrical  characteristics  of 
a  high  current  implanter  has  already  been  used  to 
calculate  other  effects  that  can  effect  the  implant  pro¬ 
cess,  and  could  easily  be  used  as  a  design  tool  to 
investigate  novel  dose  control  algon’hms. 
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Beam  incidence  variations  in  spinning  disk  ion  implanters 
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Recent  trends  in  high  density  semiconductor  processing  technology  are  resulting  in  increasingly  stringent  requirements  for  spatial 
uniformity  of  beam  incidence  upon  the  wafer,  as  well  as  greater  versatility  in  controlling  the  angles  of  wafer  tilt  and  twist.  These 
requirements  have  resulted  in  the  production  of  a  new  generation  of  spinning  disk  mechanical  scanning  implanters  capable  of  easily 
varying  wafer  tilt,  including  repositioning  dunng  implant.  Greater  versatility  has  also  increased  the  difficulty  in  visualizing  beam 
incident  angle  (tilt  and  twist)  variations.  A  generalized  model  for  calculating  these  variations  is  denved  and  p'-e.sented  Graphs 
generated  by  the  model  may  be  used  to  evaluate  vanous  configurations  of  commercially  available  spi.in'ng  disk  mechanically  scanned 
batch  ion  implanters 


1.  Introduction 

Due  to  the  space  charge  limitation  of  electrostatic 
elements,  the  des'gn  of  equipment  capable  of  high  cur¬ 
rent  ton  implantation  into  semiconductors  has  generally 
depended  on  mechanically  scanning  the  wafer  in  front 
of  a  stationary  ion  beam.  Additionally,  the  need  to 
minimize  wafer  heating  has  dictated  batch  processing. 
Although  other  configuiations  exist,  such  as  carousels, 
most  equipment  now  depends  on  the  familiar  spinning 
disk  in  combination  with  a  slow  mechanical  scan. 

Previous  generation  designs  generally  consisted  of  a 
disk  with  a  domed  pedestal  support  for  the  wafer  and  a 
device  for  holding  the  wafer  in  place  and  to  allow 
contact  cooling.  Wafer  tilt  was  commonly  7°  to  mini¬ 
mize  channeling,  although  0°  was  sometimes  used  to 
reduce  shadowing  effects.  Wafer  tilt  was  vaned  by 
changing  the  angle  of  the  wafer  pedestal.  In  these 
designs,  the  spin  axis  of  the  disk  was  usually  parallel  to 
the  central  ray  of  the  ion  beam,  which,  as  will  be  shown 
later,  results  in  no  tilt  or  twist  vanations  across  the 
wafer. 

Concerns  for  particulate  contamination  have  re¬ 
sulted  in  incorporation  of  centrifugal  clamping,  gener¬ 
ally  known  in  the  industry  as  clampless  cooling  [1).  This 
technique  uses  small  fingers  oi  paddles  to  hold  the 
wafer  in  place  until  the  disk  is  spinning.  During  the 
actual  implant,  centnfugal  forces  hold  the  wafer  in 
place  and  provide  the  pressure  required  for  contact 
cooling.  This  centrifugal  force  is  proportional  to  the 
sine  of  the  pedestal  angle,  and,  since  the  force  vanishes 
at  0°,  manufacturers  have  devised  various  methods  of 
modifying  scan  .systems  to  allow  clampless  cooling  for 
0°  implants.  These  modifications  have  inevitably  re¬ 
sulted  in  the  spin  axis  of  the  disk  being  nonparallel  to 
the  ion  beam. 


The  advent  of  three-dimensional  circuit  device  siruc- 
tures,  such  as  trenches,  has  resulted  in  an  increased 
interest  in  varying  the  tilt  and  twist  during  the  implant 
Continuous  wafer  rotation  during  the  imp’ant,  discrete 
rotations  during  or  between  steps,  and  implants  consist¬ 
ing  of  several  steps  at  different  tilts  may  be  required  to 
provide  wall  coverage  for  three-dimensional  devices.  To 
answer  this  challenge,  recent  designs  have  focused  on 
providing  the  flexibility  of  programmable  tilt  and  twist 
[2],  Again,  this  increase  in  flexibility  has  occurred  at  the 
expense  of  increasing  the  angle  between  the  spin  axis 
and  the  ion  beam. 


2.  Tilt /twist  definitions 

The  wafer  tilt  and  twist  are  traditionally  d‘:fined  as 
the  <#)  and  ff  angles  of  a  beam  vector  relatno  lo  a 
spherical  coordinate  system  located  at  the  wafer  surface 
(fig.  1).  The  ion  beam  is  denoted  as  T  and  a  local  wafer 
coordinate  system  defined  by  the  orthogonal  vectors 
H'y,,  and  W..  The  orientation  of  this  coordinate 
system  to  the  physical  surface  of  the  wafer  is  arbitrary; 
for  convenience,  the  IT,, -axis  is  parallel  to  the  wafer 
major  flat  and  it  is  assumed  that  the  wafer  is  loaded 
with  the  flat  towards  the  renter  of  the  disk. 

The  above  definitions  of  tilt  and  twist  are  very  useful 
when  considering  channeling  effects  by  using  a  stereo¬ 
graphic  projection  [3].  However,  in  some  cases,  it  may 
be  also  useful  to  know  the  angles  between  the  beam 
vector  and  the  H^-lf^-  and  IT,,- IT.-planes,  denoted 
respectively  by  A  and  B,  since  these  planes  may  repre¬ 
sent  physical  structures  on  the  wafer,  as,  for  example,  in 
a  trench  device,  where  a  side  wall  implant  might  be 
more  sensitive  to  changes  in  one  of  these  angles  than 
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Fig.  1  Definition  of  a  local  wafer  coordinate  system 
fFj,  H',)  located  at  the  wafer  surface  and  tl.e  relationship 
of  the  beam  vector,,  F,  to  the  wafer  coordinate  system. 


the  other.  Both  sets  of  angles  will  be  presented  for 
convenience. 

If  one  defines  F  as  a  unit  vector,  then,  by  inspection 
of  fig.  1,  the  following  may  be  stated: 

=  arctan  ( )  :  twist  angle 

<>  =  arccos(KJ  ;  tilt 

A  =arcsin(F'^)  :  beam  to 

B  -  arcsin(F'„)  :  beam  to  fF,- W^-plane 


3.  Disk  description 


The  disk  is  initially  assumed  to  be  aligned  with  the 
global  {x,  y,  z)  coordinate  system.  In  the  general  case, 
the  disk  has  three  degrees  of  freedom,  denoted  by  a,  ft 
and  y.,  The  beam  vector  is  aligned  with  the  2-axis.  By 
inspection  of  figs.  1  and  2,  the  following  may  be  stated: 


/0\  I  cos  P  \  /0\ 

F=  0  ,  w;=  0  ,  »;=  1  , 

,  0  /  \  -  sin  pj  \<J  I 

'  sin  P 
»♦;=  0 
I  cos  P 

The  disk  radius  is  not  generally  the  same  for  various 
pieces  of  equipment.  However,  if  the  batch  size  (n)  and 
wafer  size  are  known,  the  radius  may  be  estimated  by 
the  following  formula: 

Diskd,j  *  Wafer^i,  +  (Wafers,,  +  /:)/sin  180°/n, 


where  k  is  the  mean  linear  clearance  between  wafers. 

It  will  also  be  necessary  to  know  the  amount  of  disk 
spin,  y..  The  rotation  angle,  y,  required  to  move  the 
beam  from  the  center  to  the  extreme  edge  of  the  wafer 


Fig.  2.  Definition  of  a  global  coordinate  system  (x,  y.  z), 
aligned  with  the  disk  surface  prior  to  rotation,  and  the  relation¬ 
ship  of  the  beam  vector,  F,  to  the  global  coordinate  system 
The  three  possible  disk  rotation  angles,  a,  j8,  and  y,  and  the 
pedestal  tilt  angle,  P,  are  defined  as  shown. 


may  be  found  from  fig.  3,  as  a  function  of  disk  radius 
and  wafer  diameter. 


4.  Method  of  analysis 

The  general  solution  algorithm  consists  of  rotating 
the  wafer  coordinate  system  by  the  three  possible  disk 
rotations,  calculating  the  components  of  the  beam  vec¬ 
tor  relative  to  the  wafer  coordinate  system,  and  using 


30  40  50  60  70  30 


DISK  RADIUS  (cm) 

Fig.  3.  Approximate  value  of  the  disk  spin  angle,  y,  required  to 
move  the  beam  from  the  center  to  the  edge  of  the  wafer,  as  a 
function  of  disk  radius  and  wafer  size.  The  largest  tilt  and  twist 
variations  will  normally  occur  at  the  edge  of  the  wafer,  corre¬ 
sponding  to  this  value  of  y. 
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these  components  to  ealeulate  the. various  tilt  and  twist 
angles  by  the  equations  listed  above. 

The  rotated  wafer  unit  vectors,  denoted  by  IV  \  may 
be  calculated  by  the  direction  cosines  of  the  rotated 
coordinate  systems,  as  follows  {4): 


iv; 

-  P  ,  X  P,  X  P,  X 

w. 

IV 

where  Ry.  /?;,  and  /f|  are  the  rotation  matrices  of  the 
disk  rotations  y.  and  a,  respectively.  Table  1  states 
the  generalized  transform  matrix  R,  as  well  as  the 
components  of  the  rotated  wafer  unit  vectors. 

The  required  components  of  V  relative  to  the  rotated 
wafer  axis  may  be  calculated  by  evaluating  the  dot 
product  of  y  with  each  of  the  three  wafer  unit  vectors. 
However,  the  definition  of  F  as  a  unit  vector  along  the 
r-axis  jjreatly  simplifies  this  process,  the  dot  products 
may  be  read  directly  as  the  third  term  of  each  wafer 
unit  vector,  and,  therefore,  the  various  tilt  and  twist 
angles  may  be  calculated  directly  from  their  respective 
definitions  and  table  1. 


5.  Examples 

The  numerical  evaluation  of  the  various  tilt  and  twist 
angles,  while  certainly  possible,  is  not  a  trivial  task. 
However,  additional  information  may  be  gained  by 
considering  some  special  cases. 

5.1.  a  -=(i--0 

This  is  the  previously  mentioned  special  case  of  the 
spin  axis  parallel  to  the  beam  axis.  In  this  case,  the 
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Fig.  4.  Values  for  the  tilt  and  twist  angles.  and  0,  for  a 
nominal  0°  implant  as  a  function  of  the  disk  spin  angle,  y, 
disk  rotation  about  the  horizontal  axis,  fl.  and  the  angle  of  the 
wafer  pedestal,  P. 


wafer  unit  vectors  reduce  to: 


(cos  P  cos  y ' 
cos  P  sin  Y  . 
—  sin  P  , 

I  sin  P  cos  Y  \ 
sin  P  sin  Y  I  • 
cos  P  I 


IV' 

y 


—  sin  y\ 
cos  Y 


0  / 


The  resultant  beam  incidence  angles  are: 


=  arccosfeos  P)  =  P,  A  =  arcsinf  -  sin  P)  -  P, 
0  •»  arclan(0/(  -  .sin  P))  =  0,  B  =  arcsin(O)  =  0. 


As  expected,  none  of  the  tilt  or  twist  angles  are  func¬ 
tions  of  the  disk  rotation,  T,  and  no  tilt  or  twist 
variations  will  occur  during  the  implant. 


Table  1 

Generalized  rotation  matrix  for  the  allowable  disk  rotations  (R)  and  the  components  of  the  wafer  coordinate  system  after 
multiplication  by  the  generalized  rotation  matrix  (H' ,  tV,  and  tV^) 


R 


cos  Y  cos -  sin  y  cos 
cos  a  sin  y  +  sin  a  cos  y  sin  /3  cos  a  cos  y  —  sin  a  sin  P  sin  y 
--  sin  a  sin  Y  T  cos  a  cos  /  sin  P  -  sin  a  cos  y  -  cos  a  sin  P  sin  y 


-  sin  ^ 
sin  a  cos  P 
cos  a  cos  P 


tv. 


’  cos  P  cos  y  cos  )8  +  sin  P  sin  p 

cos  /* cos  a  sin  y  +cos  P  sin  a  cos  y  .sin  P  -sin  P  .sin  a  cos  )9 

-  cos  P  sin  n  sin  Y  +  cos  P  cos  a  cos  y  sin  —  sin  P  cos  a  cos  P 


(-sinycos/3  ' 

cos  a  cos  y  -  sin  a  sin  P  sin  y 
-  sin  a  cos  y  -  cos  a  sin  p  sin  y 


'  sin  P  cosy  cos COS  P  sin 

sin  Pcosasiny  +  sin  P  sinacos  y  sin -bcos  P  sin  acos 
-  sin  P  sin  a  sin  r  +  sin  P  COS  a  cos  y  sin  -b  cos  P  cos  a  cos 
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Fig  5.  Values  for  the  tilt  angles  to  the  and  H'y-H'.- 

planes,  A  and  B,  for  a  nominal  0  °  implant  as  a  function  of 
the  disk  spin  angle,  y,  disk  rotation  about  the  horizontal  axis, 
P,  and  the  angle  of  the  wafer  pedestal,  P. 


Fig.  6  Values  for  the  tilt  and  twist  angles,  ij>  and  0.  for  a 
nominal  7°  implant  as  a  function  of  the  disk  spin  angle,  y,- 
disk  rotation  about  the  horizontal  axis,  p.  and  the  angle  of  the 
wafer  pedestal,  P. 
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Fig.  7.  Values  for  the  tilt  angles  to  the  and 

planes,  A  and  B,  for  a  nominal  7°  implant  as  a  function  of 
the  disk  spin  angle,  y,  disk  rotation  about  the  horizontal  axis, 
P,  and  the  angle  of  the  wafer  pedestal,  P. 


Fig  8.  Values  for  the  tilt  and  twist  angles,  ij)  and  d,,  for  a 
nominal  7°  implant  as  a  function  of  the  disk  spin  angle,  y, 
disk  rotation  about  the  horizontal  axis,  p,  and  the  angle  of  the 
wafer  pedestal,  P.  In  this  case,  P  is  equal  to  P  and  the  tilt 
angle  is  due  to  the  disk  rotation  about  the  vertical  axis,  a,  as 
would  be  necessary  to  vary  the  wafer  twist  by  90°  for  a 
quadrant  rotation  implant 

5.2.  a  ^  0,^*0 

Figs.  4-7  depict  typical  tilt  and  twist  variations  for 
0°  and  7°  implants;  additional  tilt  angles  may  be 
calculated  by  table  1  and  the  angle  definitions. 

One  may  conclude  from  these  graphs  that  a  smaller 
pedestal  angle  will  result  in  smaller  variations  of  tilt 
angles,  however,  this  may  not  be  true  in  the  general 
case.  For  example,  for  both  of  these  tilts  a  3°  pedestal 
exhibits  a  lower  variation,  but  that  is  due  to  the  fact 
that  this  pedestal  angle  produces  the  smallest  disk  spin 
axis  rotation  to  achieve  0  and  7°  implants.  If  one  were 


P=13' 


DISK  SPIN  ANGLE  P  (DEG) 


Fig.  9  Values  for  the  tilt  angles  to  the  W^-W.-  and  W^-W.- 
planes,  A  and  B,  for  a  nominal  0°  implant  as  a  function  of 
the  disk  spin  angle,  y,  disk  rotation  about  the  horizontal  axis, 
p,  and  the  angle  of  the  wafer  pedestal,  P.  In  this  case,  P  is 
equal  to  P  and  the  till  angle  is  due  to  the  disk  rotation  about 
the  vertical  axis,  a,  as  would  be  necessary  to  vary  the  wafer 
twist  by  90  °  for  a  quadrant  rotation  implant. 
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interested  in,  for  example,  0  and  14°  implants,  a 
pedestal  angle  of  7°  mi^t  produce  the  lowest  average 
variation  of  both  implants. 

5.3.  tt*0,  P’^0 

Figs.  8  and  9  depict  the  tilt  and  twist  variations  for  a 
7°  implant  formed  by  a  compound  rotation  of  the  disk 
spin  axis.  Comparison  of  the.se  graphs  to  figs.  6  and  7 
show  that  this  method  consistently  exhibits  more  varia¬ 
tion  than  the  corresponding  angle  produced  by  only  one 
disk  rotation.  Again,  this  is  due  to  the  larger  angle 
between  the  spin  axis  and  the  beam  vector  produced  by 
the  compound  rotation. 


6.  Summary 

The  requirements  of  prograiionable  tilt,  programma¬ 
ble  twist,  and  clampless  cooling  for  0°  implants  have 


produced  a  new  generation  of  spinning  disk  ion  im- 
planters.  However,  these  performance  improvements 
have  complicated  the  process  of  visualizing  the  tilt  and 
twist  angles  of  the  ion  beam  to  the  wafer.  We  have 
presented  an  analysis  that  may  be  used  by  both  users 
and  manufacturers  to  understand  the  effects  of  the 
various  possible  machine  configurations. 
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The  MeV  ion  implantation  system  “RFQ-1000”  and  its  applications 
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Advanced  VLSI  devices  are  nowadays  required  to  raise  switching  speed,  to  improve  noise  immumty  and  to  minimize  chip  size. 
Presently,  MeV  ion  implantation  attracts  much  technological  attention  in  the  field  of  VLSI  fabrication,  because  it  is  expected  to  be 
one  of  the  most  feasible  solutions  to  those  demanding  requirements.  In  order  to  realize  such  prospective  expectations,  an  RFQ 
(radio-frequency  quadrupole)  accelerator  was  applied  for  the  first  time  to  the  field  of  ion  implantation  and  a  MeV  ion  implantation 
system  "RFQ-ICKX)”  has  been  developed.  First,  we  briefly  refer  to  the  background  of  the  system  development,  putting  emphasis  on 
the  RFQ.  Next  an  outline  is  given  of  the  system  configuration  and  features.  Following,  detailed  performances  of  the  system  are 
described,  i.e.,  beam  current  capability,  energy  variability,  dose  uniformity,  particle  performance  and  so  on.  Then  we  move  onto  the 
viewpoint  of  applications.  The  current  status  of  device  apphcations  by  the  MeV  ion  implantation  are  bnefly  reviewed.  Finally  future 
applications  of  the  system  to  the  field  of  compound  semiconductors  and  to  the  surface  modification  of  materials  are  presented. 


1.  Introduction 

The  necessity  of  MeV  ion  beams  has  expansively 
increased  in  the  field  of  ion  implantation  because  many 
innovative  applications  [1]  have  been  evaluated  to  be 
highly  promising.  Since  these  applications  require  a 
beam  current  as  high  as  several  hundred  microamperes 
for  achieving  reasonable  throughput,  current  capability 
turns  out  to  be  a  critical  issue.  Existing  systems  for 
MeV  implantation,  however,  set  a  limit  on  the  current 
capability,  because  their  acceleration  methods  remain 
conventional  electrostatic  types. 

Thus  we  aimed  at  the  development  of  a  both  high- 
energy  and  high-current  implantation  system  [2],  whose 
kernel  is  the  latest  linear  accelerator,  RFQ  (radio¬ 
frequency  quadrupole).  One  of  the  most  attractive  and 
outstanding  features  of  the  RFQ  is  its  capability  of 
accelerating  ion  beams  in  excess  of  several  milliamperes 
up  to  energies  in  the  MeV  range.  This  capability  is 
based  upon  the  fact  tha*  the  RFQ  utilizes  its  intense  rf 
electric  field  for  focusing  and  accelerating  ions  simulta¬ 
neously  [3,4]. 

Most  RFQ  machines,  however,  accelerate  the  ions  of 
neither  boron  nor  phosphorus,  but  of  hydrogen.  The 
main  reason  for  this  is  the  difficulty  in  the  focusing 
control  of  heavy  ion  acceleration,  because  the  focusing 
force  is  inversely  proportional  to  the  mass  of  the  pro¬ 
jectile  ion.  There  is,  furthermore,  a  severe  drawback  that 
the  output  energy  of  the  RFQ,  similar  to  other  types  of 
linear  accelerators,  is  said  to  be  invariable  without 
change  of  the  resonant  frequency.  It  goes  without  say¬ 
ing  tnat  the  energy  variability  is  indispensable  to  the  ion 
implantation  because  the  control  of  ion  implanting  de¬ 
pth  is  realized  by  the  energy  variability.  A  straightfor¬ 


ward  solution  is  of  course  a  variable  frequency  RFQ., 
But  it  is  scarcely  a  practical  proposal,  because  a  change 
of  the  resonant  frequency  causes  troublesome  complica¬ 
tions  of  RFQ  structures  and  rf  power  supply  circuits, 
which  result  in  a  severe  rise  of  total  cost.  This  drawback 
and  the  difficulty  have  been  critical  barriers  to  the 
application  of  the  RFQ  to  the  field  of  ion  implantation.. 

Shimadzu,  with  the  aid  of  computer  simulations  and 
expenmental  studies,  has  successfully  developed  a  varia¬ 
ble  energy  RFQ  without  change  of  the  resonant 
frequency,  capable  of  accelerating  heavy  ions.  Pre¬ 
liminary  explanation  to  the  variability  will  be  given  in 
section  3.2.  Other  parts  of  the  system  have  also  been 
developed,  such  as  an  injector  supplying  high  current 
beams  into  the  RFQ  and  an  endstation  processing  sili¬ 
con  wafers  in  a  superclean  environment.  Many  ad¬ 
vantages  compared  with  conventional  high  energy  im¬ 
plantation  machines  are  stated  in  ref.  [2]. 


2.  System  configuration  and  features 

A  bird’s-eye  view  of  an  “  RFQ-1000”  layout  example 
is  shown  in  fig.  1  (top).  The  system  consists  of  three 
parts  as  shown  in  fig.  1  (bottom)  and  mentioned  below., 

2.1  Injector 

In  order  to  satisfy  the  acceptance  conditions  of  the 
present  RFQ,  the  emittance  value  of  the  ion  source  is 
strictly  required  to  be  less  than  lOOir  mmmrad.  If  the 
emittance  value  exceeds  the  permissible  level,  a  consid¬ 
erable  number  of  ions  will  collide  with  the  accelerating 
electrodes  of  the  RFQ,  namely  vanes,  and  will  damage 
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them.  Needless  to  say,  a  high  current  capability  is 
another  requirement.  In  order  to  fulfill  these  two  con¬ 
tradicting  requirements,  a  duopigatron-type  ion  source 

[5]  has  also  been  developed  in  expectation  of  its  high 
brightness  characteristics.  This  new  type  of  ion  source 

[6]  generates  ion  beams  of  boron,  phosphorus,  nitrogen, 
carbon,  oxygen  and  so  on.  These  heavy  ions  are  pre- 
dtcelerated  to  6  keV/amu  by  u.«mg  a  dc  power  supply 
with  a  maximum  terminal  voltage  of  100  kV.  Before 
being  injected  into  the  RFQ,  ions  are  mass-separated  by 
a  bending  magnet  with  an  angle  of  60°.  A  typical 


Table  1 

System  specification 


Maximum  output  energy,  and 
for  boron 
for  nitrogen 
for  phosphorus 
Energy  variable  range 
RFQ  resonant  frequency 
Vane  length 
Rf  power  required 
Space  charge  limited  current 
Transmission  rate 
Wafer  capacity 


Throughput  fpreliminary) 


Wafer  temperature 
Dose  uniformity 
Particle 


(preliminary)  beam  current 
1.0  MeV,  ^200iiA 
1.2  MeV,-  >400tiA 

2.8  MeV,  jlOOgA 
50-100* 

70.0  MHz 
1850  mm 
25  kW  max 

7.8  mA 
84* 

19  wafers  for  100  mm, 

15  for  125  mm, 

13  for  150  mm 
120  'vafers/h  for  100  mm, 
110  for  125  mm, 

100  for  150  mm 
<100°C 
<1* 

<  0.05/cm^ 

(particle  size  ?  0.5  (im) 


emittance  measurement  of  a  boron  beam  at  a  current  of 
several  hundred  microamperes  is  shown  in  fig.  2. 

2.2.  RFQ 

The  four-vane  type  RFQ  is  designed  for  accelerating 
injected  ions  up  to  an  MeV  energy  range  [2].  In  design 
procedures  of  the  RFQ  beam  dynamics,  we  found  the 
possibility  of  energy  variability  without  change  of  the 
resonant  frequency.  Up  to  the  present,-  the  ion  energies 
can  be  discrete  variable  in  the  range  of  50-100%  of  the 
maximum  designed  value  (for  boron:  0.50-1.00  MeV, 
for  phosphorus:'  1.4-2. 8  MeV),  and  we  obtain  about 
five  discrete  values  in  these  ranges.  The  transmission 
rate  (the  ratio  of  accelerated  beam  current  to  the  inci¬ 
dent  one,  see  fig.  3)  lies  between  60  and  70%.  Though 
the  difference  between  the  experimental  values  and  the 
calculated  84%  [2]  is  still  open  to  discs -ion,  we  suppose 
that  it  is  due  to  some  misadjustment  of  the  beam  optical 
conditions. 

2.3.  Endstation 

The  endstation  contains  a  mechanical  wafer  scan¬ 
ning  system,  a  precise  dose  control  electronics  and  a 
reliable  vacuum  system.  In  the  batch  processing  mode, 
the  endstation  accommodates  100-,  125-,  or  150-mm 
wafers  with  a  capacity  of  19,  15  or  13,  respectively.  To 
prevent  particle  contamination,  the  silicon  wafers  are 
transported  back  and  forth  between  a  processing  cham¬ 
ber  and  a  pair  of  loadlocks  with  in-vacuum  wafer  han¬ 
dling  robotics.  Also  the  endstation  is  equipped  with  a 
HEPA-filtered  air  ventilation  system.  For  protection 
against  beam-induced  sputtering  contaminations,  amor- 
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phous-silicon  coatings  are  applied  to  the  areas  of  beam 
bombardment. 


3.  System  performance 

System  specifications  of  the  RFQ-1000  are  listed  in 
table  1.  Of  the  listed  performances,  some  brief  reviews 
are  given  below  with  respect  to  key  parameters  from  a 
user’s  point  of  view. 


3.1.  Beam  current  capabihty 

The  present  system  has  a  superior  current  capability 
of  the  MeV  range,  because  of  simultaneous  rf-focusing 
and  rf-dccelerating  features.  We  have  achieved  a  boron 
beam  current  at  an  energy  of  1.0  MeV  above  200  pA, 
and  have  already  confirmed  that  the  nitrogen  beam 
current  at  1.2  MeV  exceeds  400  pA.  Up  to  the  present, 
we  estimate  that  the  accelerating  beam  current  is  mainly 
limited  not  by  the  RFQ  but  by  the  ion  source,  because 
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Fig.  4.  Energy  variability  of  the  RFQ-1000.  (a)  Implant  profile  simulation  of  discrete-vanable  energy.  Ion:  "b,  energy:  0.5-1.0  MeV,. 
dose:  1  X 10’*  ions/cm^.  (b)  Implant  profile  of  ”b  into  Si  measured  by  SIMS.  Ion:  ”b,  energy:  0.5  MeV,  dose:  6x10’^  lons/cm^. 

Ion:  "b,  energy;  1.0  MeV,  dose:,  1  x  10'^  ions/cm^. 
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the  space-charge  limited  current  of  the  RFQ  is  calcu¬ 
lated  theoretically  to  be  as  high  as  7.8  mA  [2].  The 
schedule  for  beam  enhancement  up  to  1000  pA  includ¬ 
ing  tune-up  of  the  ion  source  is  now  in  progress.  In  fig. 
3  the  latest  beam  current  performances  are  shown. 

3.2.  Energy  vartability 

The  energy  variability  of  the  RFQ  is,  as  mentioned 
above,  an  unavoidable  problem.  Instead  of  a  variable 
frequency  RFQ,  a  fixed  frequency  RFQ  with  discrete 
variability  of  energy  is  realized.  The  method  to  vary 
output  energy  is  to  modify  somehow  the  RFQ  electric 
field,  for  example,  by  a  decrease  of  vane  voltage  com¬ 
pared  with  the  designed  value.  This  practical  method  is 
based  on  the  inherent  characteristics  of  the  RFQ  beam 
dynamics,  i.e.,  the  strong  focusing  capability,  and  is  not 
applicable  to  other  linear  accelerators. 

A  preliminary  explanation  to  the  energy  variability  is 
the  following.  The  decrease  of  vane  voltage  causes  some 
deviation  of  the  synchronous  acceleration  condition  and 
results  in  a  decrease  of  ion  energy  gain.  The  focusing 
force  of  the  RFQ,  in  the  meanwhile,  interacts  all  along 
the  ion  passage  and  can  keep  most  of  the  ions  in  a 
stable  bunching  bucket,  even  if  the  vane  voltage  is  less 


than  the  designed  value.  Therefore,  the  focusing  force 
prevents  swift  losses  of  injected  ions  during  the  acceler¬ 
ation  and  most  of  ions  can  survive  to  reach  the  outlet  of 
the  RFQ.  Consequently,  the  output  energy  of  projectile 
ions  is  shifted  to  a  lower  value.  The  discreteness  of  the 
output  energy  is  simulated  by  a  computer  code,  but  a 
complete  physical  theory  is  left  to  be  developed  because 
of  its  excessive  complexity. 

On  the  other  hand,  the  focusing  force  of  a  conven¬ 
tional  Alvarez-type  linear  accelerator  interacts  only  in 
the  drift-tube  and  cannot  converge  the  ions  when  the 
synchronous  condition  is  deformed  even  slightly..  There¬ 
fore,  the  decrease  of  drift-tube  electrode  voltage  results 
in  rapid  beam  divergence. 

The  energy  variability  of  the  RFQ  is  demonstrated 
in  fig.  4,  showing  the  depth  profile  of  ion  implantation 
at  an  energy  of  0.5  MeV  and  a  subsequent  one  at  1.0 
MeV  of  boron-11  measured  by  SIMS  (secondary  ion 
mass  spectroscopy). 

3.3.  Dose  uniformity 

Dose  uniformity  is  one  of  the  most  important  perfor¬ 
mances  in  a  production  implantor.  The  RFQ-1000  has 
at  present  a  specification  for  dose  uniformity  a/X  < 
1.0%,  where  a  is  the  standard  deviation  and  X  the 


Fig.  5.  Dose  uniformity  showing  a  typical  value  of  a/X  -  0.69%.  Ion:  ^’P,  energy:  2.8  MeV,  dose:  2  x  10*^  ions/cm^.. 
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average  dose.  As  shown  in  fig.  S,  improved  results  as 
low  as  0.7%  are  regularly  achieved  by  a  mechanical 
wafer  scanning  system,  composed  of  a  high-speed  spin¬ 
ning  disk  (800-1000  rpm)  and  a  parallel  scanning  mech¬ 
anism  whose  speed  is  servo-ccntroUed  according  to  the 
beam  current  and  the  scan  position  of  the  beam. 

3.4.  Particle  performance 

Requirements  for  the  prevention  of  particle  con¬ 
tamination  come  to  be  more  and  more  demanding  as 
device  integration  progresses.  In  the  present  system,  a 
pair  of  loadlocks  and  wafer  handling  robotics  in  the 
vacuum  ensure  the  specification  of  O.OS  particle/cm^ 
(particle  size  >  O.S  (tm).  In  order  to  check  the  specifica¬ 
tion,  a  number  of  particle  measurements  by  a  laser 
particle  monitor  were  carried  out,  before  and  after  the 
implantations  of  1.0  MeV  boron  at  a  dose  of  2  X 10*^ 
ions/cm^.  We  found  that  added  particle  counts  were 
less  than  10  in  a  150-mm  wafer. 

3.5.  Metal  contamination 

Metal  contamination  is  a  rising  problem  for  ad¬ 
vanced  VLSI,  especially  in  CCD  and  megabit  DRAM. 
In  order  to  check  for  heavy  metal  contamination  at  the 
wafer  surface,  we  used  TXRF  (total  X-ray  reflection 
fluorescence)  analysis  (7].  In  TXRF,  X-rays  are  incident 
on  the  wafer  at  a  glancing  angle  so  that  the  condition 
for  total  reflection  may  be  satisfied.  Therefore,  only  the 
near-surface  region  of  the  wafer  is  excited,  and  fluores¬ 
cence  X-rays  emitted  from  contaminants  are  detected. 
The  detection  limits  tie  on  the  order  of  lO"  atoms/cm^. 
Two  TXRF  measurements  were  carried  out;  one  sample 
was  a  control  wafer  as  received  from  a  vendor  and  the 
other  was  implantated  with  1.2  MeV  nitrogen  at  a  dose 
of  3  X  10*‘  ions/cm?.  The  results  showed  that  heavy 
metal  contaminants  were  under  the  detection  limits, 
except  zinc  which  was  detected  as  high  as  2.8  X  10‘^ 
atoms/cm^  but  was  supposed  to  be  an  initial  contami¬ 


nant,  because  its  peak  height  was  the  same  in  the  wafer 
from  a  vendor.  Needless  to  say,  we  used  SIMS  measure¬ 
ments  with  oxygen  flooding  in  order  to  check  for 
aluminum  and  other  light  metals  undetectable  by  TXRF. 
There  was  no  evident  contamination  of  those  light 
metals.  From  the  obtained  results,  we  confirm  that 
amorphous-silicon  coatings  on  the  area  of  beam 
bombardment  are  effective  for  the  prevention  of 
sputtered  foreign  materials. 

3.6.  Vacuum  performance 

Due  to  the  outgassing  of  photo-resist  bombarded  by 
energetic  ions,  the  pressure  in  the  processing  chamber 
rises  sharply.  This  is  of  great  concern  because  dose 
errors  will  occur  when  ions  are  neutralized  to  a  signifi¬ 
cant  extent.  In  particular,  the  outgassing  becomes  more 
serious  with  increasing  ion  energies.  In  order  to  measure 
the  vacuum  performance,  the  following  experiment  was 
carried  out.  After  150-mm  wafers  were  coated  with  a 
positive  photo-resist  OFPR-800  with  a  thickness  of  5 
|im  (slightly  deeper  than  projectile  ranges  of  MeV)  and 
bak^  at  130“C,  they  were  bombarded  by  1.2  MeV 
nitrogen  at  a  current  of  200  |iA.  In  fig.  6  the  vacuum 
performance  is  shown,  which  indicates  the  present 
vacuum  system  is  by  no  means  inferior  to  other  implan¬ 
tation  systems  [8].  Residual  gasses  were  analyzed 
simultaneously  by  a  quadrupole  mass  spectrometer  and 
hydrogen  was  extremely  dominant,  as  reported  in  ref. 
19J.  An  investigation  of  dose  errr-  occurrence  is  now 
being  carried  out. 


4.  Applicattons 

4.1.  Silicon  semiconductor  devices 

Principal  applications,  based  on  deep  implantation, 
have  many  advantages  in  VLSI  fabrications.  Detailed 


-  S  0  5  10  15 

Irradiation  time  (min) 

Fig.  6.  Vacuum  performance  with  photo-resist  outgassing.  Ion:  '*N,  energy:  1.2  MeV,  dose:  5x10'^  ions/cm^,  current:  200  |iA, 
irradiation  time:  20  min.  Resist;  OFPR-800,  thickness:  5  pm,  bake  temp.;  130®C. 
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descrip 'ions  are  given  in  ref.  [10].  We  now  briefly  review 
the  current  status  of  silicon  semiconductor  applications. 

Typicai  low  and  medium  doae  applications  below 
10'^  itms/cm^  are  retrograde  wells  and  ROM  late  pro¬ 
grammings.  At  these  dose  levels  the  crystalline  defects 


caused  by  the  implantation  can  be  annealed  out  to  a 
sufflcient  extent.  Accordingly,  low  and  medium  dose 
device  applications  are  highly  promising  and  some  of 
them  have  come  to  be  on  the  production  line. 

Mtgor  high  dose  applications  above  ions/cm^ 


(range  of 
l.()MeV  boron) 


Fig.  7.,  Cross-sectional  TEM  micrographs  and  spreading  resistance  profile,  (a)  TEM  micrograph  as  implanted  in  Si(100>.  Ion:  ’  B, 
energy;  1.0  MeV,  dose:  2X10'*  ions/cm*,  (b)  TEM  micrograph  after  furnace  anneal,  showing  secondary  defect  generation. 
Temperature;  900  °C,  time:  15  min,  ambient:  N2.  (c)  Spreading  resistance  profile  (following  page). 
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Depth  (micrometer) 

Fig.  7.  (continued). 


are  buried  shield  layers  for  soft-error  protection  and 
subcollector  formations  for  bipolar  transistors.  Anneal¬ 
ing  methods  for  reducing  crystalline  defects  are  not  yet 
established,  compared  with  those  of  low  and  medium 
dose  applications.  In  fact,  a  conventional  furnace  an¬ 
neal  sometimes  causes  second  defects  which  can  be 
observed  by  cross-sectional  TEM  (transmission  electron 
microprobe)  as  shown  in  fig.  7b.  Some  dislocation  loops 
and  line-like  defects  are  extended  along  the  direction  of 
the  (111)  axis.  It  was  found  that  these  defects  do  not 
disappear  even  at  an  anneal  temperature  as  high  as 
1250  °  C.  Thus  electric  properties,  such  as  reverse  leakage 


Depth  (micron) 

Fig.  8.  Implant  profile  of  ^Si  into  GaAs  measured  by  SIMS. 
Ion:  "Si,  energy:  2.5  MeV,  dose:  3  X  lO"  ions/cm*. 


current  and  breakdown  voltage,  are  considerably  de¬ 
graded.  In  order  to  check  these  properties,  it  is  neces¬ 
sary  to  fabricate  some  types  of  diodes.  First  of  all,  a 
measurement  of  the  spreading  resistance  profile  was 
carried  out  as  shown  in  fig.  7c.  From  the  result,  we 
estimate  that  the  activation  rate  is  between  60  and  70%. 
Some  candidates  for  novel  solutions  to  the  degradations 
caused  by  those  defects  are  an  RTA  (rapid  thermal 
anneal)  [11]  and  a  proximity  gettering  [12]  by  high 
energy  carbon  or  oxygen  implantation.  Many  investiga¬ 
tions  are  focused  on  these  problems  and  a  breakthrough 
is  strongly  desired. 

4.2.  Compound  semiconductor  devices 

Diffusion  processes,  such  as  thermal  drive-in,  are 
widely  used  for  silicon  device  fabrications.  In  the  III- 
V-group  compound  semiconductors,  on  the  other  hand, 
the  application  of  diffusion  processes  is  generally  sup¬ 
posed  to  be  impossible,  since  the  temperature  of 
evaporation  in  the  V-group  is  considerably  lower  than 
that  of  thermal  diffusion  processes.  Therefore,  high 
energy  ion  implantation  with  moderate  thermal  anneal¬ 
ing  is  a  principal  and  practical  dopant  feeding  technol¬ 
ogy.  With  the  present  RFQ  and  a  projecting  ion  source 
for  indispensable  dopants  such  as  beryllium  and  silicon, 
it  is  expected  to  contribute  to  the  development  of  III- 
V-group  compound  semiconductor  devices,  for  exam¬ 
ple,  a  super-high-speed  mixer  diode  [13]  and  an  OEIC 
(opto-electronic  integrated  circuit).  A  preliminary  ex¬ 
periment  of  silicon  implantation  into  gallium  arsenide 
by  the  RFQ-1000  was  performed  as  shown  in  fig.  8. 
Conventional  tandem  accelerators,  on  the  other  hand, 
have  a  critical  limitation  for  compound  semiconductor 
applications  because  they  can  only  accelerate  negative 
ions,  and  these  ions  of  beryllium  can  be  hardly  pro¬ 
duced  due  to  its  small  electron  affinity. 

4.3.  Surface  modification  of  materials 

Surface  modification  technology  [14]  is  intended  to 
improve  wear  resistance,  hardness  and  other  properties 
by  implanting  ions  into  metals  and  other  materials. 
Hitherto,  because  of  the  energy  limitation,  the  modified 
layer  was  limited  only  to  the  outermost  surface,  and  its 
durability  was  not  sufficient.  Since  the  present  system 
has  a  capability  of  deep  implantation,  a  possibility  of 
overcoming  the  limitation  is  e.xpected.  Presently,  the 
most  practically  used  ion  with  excellent  results  is  nitro¬ 
gen  which  has  a  small  value  of  electron  affinity.  Thus 
tandem  accelerators  also  have  a  critical  limitation  for 
surface  modifications.  In  the  present  system,  a  half-mil- 
liampere  beam  of  nitrogen  is  almost  achieved.  With  the 
aid  of  the  aircraft  equipment  division  of  Shimadzu,  we 
are  now  researching  some  aero-space  applications.  One 
of  them  is  a  durability  improvement  of  valves  for  rockets 
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and  satellites,  where  conventional  surface  treatments 
are  not  available. 


5.  Conclusion 

In  the  present  report,  the  current  status  of  the  RFQ- 
1000  is  briefly  described.  The  system  consists  of  three 
parts,  i.e.,  an  injector  with  duopigatron  ion  source,  an 
RFQ  accelerator  with  variable  energy  capability  and  an 
endstation  with  clean  wafer  processing.  The  system 
performances  are  quite  suited  to  the  fabrication  of 
advanced  VLSI  devices.  Compound  semiconductor 
fabrications  and  surface  modifications  will  also  be 
promising  application  fields  in  the  near  future.  The 
versatility  of  the  present  system  will  remain  to  be  of 
importance  in  these  fields. 
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A  500  keV  ion  accelerator  system  equipped  with  a  DISKTRON  high  voltage  generator  and  two  types  of  ion  source  has  been 
developed  to  provide  ion  beams  for  RBS  analysis  with  microbeams  and  surface  modification.  and  He'^  beams  focused  to  less 
than  1  |im  with  a  voltage  stability  of  less  than  10"*  have  been  obtained  in  a  microbeam  line.  P"^,  As*"  and  other  heavy  ion  beams  of 
sufficient  intensity  for  surface  modification  are  also  obtained.  Uniformities  of  P*'  and  As*'  ions  implanted  into  a  2  in.  Si  wafer  were 
evaluated  to  be  1.5%  and  1.2%,  respectively. 


1.  Introductton 

Recently,  an  ion  microbeam  technique  has  been 
widely  required  in  microprocessing  of  semiconductor 
devices.  Ion  beams  of  less  than  1pm  have  been  applied 
to  ion  beam  analysis  as  well  as  ion  implantation.  In 
research  work  it  is  preferred  that  the  analysis  and 
modification  are  performed  with  a  single  apparatus.  It 
is  not  easy,  however,  to  construct  a  high  voltage  genera¬ 
tor  which  is  capable  of  satisfying  these  two  aims.  The 
ion  beam  analysis  requires  voltage  stability  rather  than 
higher  current.  On  the  other  hand,  surface  modification 
requires  higher  current,  at  least  a  few  hundred  pA. 

“DISKTRON”  [1],  a  rotary-disk  type  high  voltage 
generator  is  quite  suitable  for  this  purpose  due  to  its 


excellent  output  performance.  The  maximum  voKage 
and  current  of  the  DISKTRON  are  500  keV  and  2  mA, 
respectively,  with  a  voltage  stability  as  low  as  1  X  10 
A  500  keV  ion  accelerator  equipped  with  the  DISK¬ 
TRON  and  two  types  of  ion  sources  has  been  developed 
to  provide  ion  beams  for  surface  analysis  and  modifica¬ 
tion  [2.3].  A  duoplasmatron  ion  source,  which  can  pro¬ 
duce  H"*  and  He"^  of  up  to  50  pA,  provides  beams  to  a 
microbeam  line  for  the  surface  analysis  [4,5].  The  other 
is  a  conventional  Freeman  type  which  provides  a  few 
hundred  pA  of  As"^  and  other  heavy  ions  for 
surface  modification. 

In  this  paper,  two  kinds  of  performances  are  pre¬ 
sented  for  application  of  the  500  keV  ion  accelerator. 
One  is  the  RBS  mapping  [6]  with  microbeamo  of  less 


Fig  1.  Schematic  view  of  the  500  keV  ion  accelerator  system:  (1)  X-ray  shielding  cabinet,  (2)  high  voltage  terminal  box,  (3)  ion 
source,  (4)  DISKTRON  high  voltage  generator,  (5)  ac  power  supply,  (6)  einzel  lens,  (7)  acceleration  tube,  (8)  vacuum-pumping  tube, 
(9)  magnetic  quadrupole  lens  (triplet),  (10)  switching  magnet.  (11)  MEIS  ultra  high  vacuum  chamber,,  (12)  microbeam  tine,  (13) 

implantation  beam  line,  (14-16)  turbomolecular  pumping  units. 
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than  about  1  iim  on  the  target  in  microbeam  lim.  and 
the  other  is  the  evaluation  of  uniformity  of  P  aitd  As 
implanted  at  500  keV  into  Si  wafers. 


2.  Apparatus 

The  system  consisting  of  a  SOO  keV  ion  accelerator,  a 
microbeam  line,  an  ultra  high  vacuum  (UHV)  target 
chamber  and  an  implantation  beam  line  is  schematically 
shown  in  fig.  1.  Details  of  the  SOO  keV  ion  accelerator 
and  the  microbeam  line  have  been  described  elsewhere 
[2,3].  The  accelerator  system,  consisting  of  a  high  volt¬ 
age  generator,  an  ac  power  supply  and  a  high  voltage 
terminal,  is  isolated  in  an  X-ray  shielding  cabinet  of  4.5 
m  X  3.5  m  and  2.9  m  in  height.  This  system  is  ver> 
compact  as  compared  with  other  conventional  ones  of 
the  same  voltage  standing  in  open  air.  Two  types  of  ion 
sources  are  installed  in  the  high  voltage  terminal.  Ion 
beams  are  extracted  from  the  ion  sources  at  a  maximum 
voltage  of  30  kV  and  are  focused  at  the  entrance  of  an 
acceleration  tube  by  an  einzel  lens.  After  acceleration  of 
up  to  a  voltage  of  500  kV,  the  ion  beams  are  focused 
again  by  a  triplet  Q-magnetic  lens  and  deflected  by  a 
switching  magnet  to  one  of  the  two  beam  lines.  or 
He^  beam  is  introduced  into  the  microbeam  line  aligned 
15°  to  the  left  of  the  primary  beam  axis.  The  beam  spot 
size  on  a  target  can  be  focused  down  to  less  than  1  pm 
and  RBS  mapping  is  measured.  The  detailed  procedures 
of  the  RBS  mapping  measurement  have  been  given 
elsewhere  [6-8].  Furthermore,  medium  energy  ion¬ 
scattering  spectroscopy  (MEIS)  [9]  can  be  applied  to  the 
investigation  of  crystalline  structures  of  solid  surfaces  in 
the  UHV  chamber  downstream  of  the  microbeam  line. 
The  toroidal  electrostatic  analyzer  equipped  with  a  posi¬ 
tion  sensitive  detector  (PSD)  and  microchannel  plate 
(MCP)  is  set  up  in  the  chamber  to  provide  measure¬ 
ments  with  high  energy  and  angular  resolutions.  It  has 


been  proved  that  the  MEIS  system  combined  with  the 
microbeam  is  a  particularly  powerful  technique  to  ob¬ 
serve  crystalline  behavior  at  atomic  levels  in  an  area  of 
the  order  of  a  pm. 

The  ion  beams  introduced  into  the  implantation 
beam  line  are  electrically  scanned  over  a  2  in.  wafer  by 
the  X-Y  deflection  plates.  The  scanning  frequency  of 
the  X  and  the  Y  direction  is  76.6  and  833  Hz,  respec¬ 
tively.  In  order  to  prevent  wafers  from  being  con¬ 
taminated  by  the  environment,  the  target  chamber  can 
be  pumped  to  less  than  3  X 10"*°  Torr.,  A  target  wafer 
is  locat^  on  each  side  of  a  hexagonal  carrousel  except 
for  one  side  where  a  beam  monitoring  system  is 
mounted.  The  beam  monitoring  system  is  composed  of 
two  coaxially  separated  Faraday  cups,  a  main  periph¬ 
eral  and  a  small  central  one.  In  order  to  get  uniform 
scanning  of  the  beam,  the  ion  source  parameters  are 
adjusted  by  monitoring  the  current  signal  from  the 
Faraday  cups  until  a  clear  trapezoidal  waveform  ap¬ 
pears  on  an  oscilloscope  [2].  Then  the  carrousel  is 
turned  around  to  expose  the  wafer  to  the  beam. 


3.  Results  and  discussion 

Stability  of  the  acceleration  voltage  of  the  DIS- 
KTRON  at  470  kV  and  the  He'*’  beam  current  meas¬ 
ured  by  a  Farraday  cup  just  behind  the  switching  mag¬ 
net  during  one-hour  operation  are  shown  in  fig.  2.  The 
beam  energy  was  500  keV  (470  keV  acceleration  plus  30 
keV  extraction).  The  beam  current  stability  was  better 
than  about  1%  and  the  accelerating  voltage  stability 
(dV/Y)  is  around  2  X  10"^.,  An  RBS  mapping  image 
for  a  test  sample  with  30  nm  thick  Au  island  patterns 
(10  |im  X  10  pm)  with  a  periodicity  cf  10  pm  is  shown 
in  fig.  3.  In  this  experiment,  the  spot  size  of  the  ion 
beam  on  target  was  adjusted  to  about  1  pn:  with  a  beam 
current  of  10  pA.  The  energy  window  for  RBS  signals 
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Fig.  2.  Beam  stability:  (a)  beam  current  and  (b)  accelerating  voltage  at  470  kV  with  ion  beam.  He'*'  ion  energy:  500  keV;  ion 

extraction  voltage:  30  kV. 
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Fig.  3.  (a)  A  schematic  of  the  test  sample  (the  pattern  of  Au  islands  with  Au  connecting  stripes  on  silicon)  and  (b)  corresponding  RBS 
mapping  image.  Ion;  He^,  beam  energy:  400  keV,  specimen  t  -  30  mi. 


was  adjusted  to  Au  sij^als  by  a  single  channel  analyzer. 
The  color  in  the  figitre  corresponds  to  the  backscattered 
yield  from  Au  islands.  The  pattern  of  Au  islands  along 
with  Au  connecting  lines  with  a  width  of  1  pm  is  clearly 
observed  in  this  RBS  mapping  image.  These  results 
indicate  that  the  accelerator  can  provide  a  sufficiently 
stable  ion  beam  into  the  microbeam  line  [7]. 

Table  1  shows  the  ion  species  and  the  amount  of 
beam  current  measured  by  the  main  Faraday  cup  set  at 
the  end  of  implantation  beam  line.  These  ion  species 
were  chosen  for  research  work  not  only  on  semiconduc¬ 


tor  fabrication  but  also  for  surface  modification  of  solid 
materials.  A  boron  (B"^)  beam  was  obtained  by  ionizing 
BFj  gas.  A  gold  ion  (Au*)  beam  is  obtained  by  sputter¬ 
ing  with  ions  such  as  Ar*  and  ionizing  in  the  arc 
chamber.  The  other  ions  were  obtained  by  vaporizing 
the  solid  material  in  an  oven  and  ionizing  in  the  arc 
chamber.  As  shown  in  table  1,  a  beam  current  compara¬ 
ble  with  other  medium  current  implanters  can  be  ob¬ 
tained  in  this  implantation  system.  The  vacuum  in  the 
target  chamber  was  kept  at  less  than  1  x  10“^  Torr  on 
irradiating  the  target  with  220  pA  As*  at  200  keV. 


1.2  r/e  1.46  °/o 

Fig.  4.  Wafer  contour  maps  showing  average  sheet  resistance  and  sheet  resistance  uniformity;  (a)  As*,  lxlo'Vcm^>.  (b)  P*, 
1 X 10’ As*  and  P*  are  implanted  into  a  2  in.  silicon  wafer  at  500  keV. 
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Table  1 

List  of  the  maximum  beam  current,  beam  energy,  state  of  the 
source  materials  and  vapor  pressure  by  which  the  maximum 
beam  current  was  obtained  for  each  species 


Ion 

species 

Beam 

current 

IPA] 

Beam 

energy 

[keV] 

State 

Temperature 

(“Cl 

Cr"^ 

12 

200 

sohd:  CrClj 

631 

Cd* 

195 

200 

solid;  Cd 

357 

Au* 

16 

200 

solid:  Au 

P* 

300 

200 

solid;  P 

428 

195 

500 

As* 

300 

200 

solid:  As 

377 

165 

500 

B* 

100 

200 

gas:  BF3 

10 

500 

Wafer  contour  maps  showing  average  sheet  resis¬ 
tance  and  sheet  resistance  uniformities  in  the  case  of  P 
and  As  implanted  at  500  keV  into  2  in.  Si  wafers  are 
shown  in  fig.  4.  The  wafers  were  set  up  on  the  holders 
with  a  tilt  angle  of  7°.,  The  measurement  of  sheet 
resistance  was  made  by  using  PROMETRIX  Omni  Map 
RS30  after  annealing  at  1000  "C. 

The  uniformities  in  the  case  of  P  and  As  were 
evaluated  to  be  1.5%  and  1.2%,  respectively.  Conse¬ 
quently,  the  performance  of  this  implantation  system 
coupled  to  the  accelerator  is  comparable  with  that  of 
other  existing  high  energy  implantation  systems. 


4.  Conclusion 

A  500  keV  ion  beam  accelerator  system  equipped 
with  a  DISKTRON  high  voltage  generator  and  two 
types  of  ion  source  has  been  developed  to  provide  ion 
beams  for  surface  analysis  and  modification.  The  results 
obtained  in  the  performance  test  are  as  follows: 

(1)  A  He^  beam  current  of  more  than  20  pA  has 
been  obtained  at  500  keV.  The  stability  of  the  beam 
current  and  acceleration  voltage  were  less  than  1%  and 
2  X  10“^,  respectively..  When  the  beams  were  intro¬ 
duced  into  the  microbeam  line,  the  beam  spot  on  target 
was  focused  down  to  less  than  1  pm.  Observed  RBS 
mapping  images  clearly  showed  the  connecting  Au  stripe 
of  1  pm,  which  revealed  the  high  stability  of  the  micro- 
beam. 


(2)  In  the  case  of  the  implantation  beam  line,  several 
hundred  pA  of  beam  current  has  been  obtained  for  P"*^ 
and  As"^  in  energy  ranges  up  to  500  keV.  Sufficient 
beam  current  for  surface  modification  has  been  ob¬ 
tained  for  other  metal  ions.  When  P"^  and  As"^  are 
implanted  into  a  2  in.  Si  wafer  at  500  keV,  the  uniformi¬ 
ties  were  evaluated  to  be  1.5  and  1.2%,  respectively. 

The  results  of  the  performance  test  proved  that  this 
accelerator  is  satisfactorily  applicable  to  surface  analy¬ 
sis  and  modification. 
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A  broad-beam,  high-current  metal-ion  implantation  facihty 

I.G.  Brown,  M.R.  Dickinson,  J.E.  Galvin,  X.  Godechot '  and  R.A.  MacGill 

Lawrence  Berkeley  Laboratory,  University  of  California,  Berkeley,  CA  94720,  USA 


We  have  developed  a  high-current  metal-ion  implantation  facility  with  which  high-current  beams  of  virtually  all  the  sohd  metals 
of  the  periodic  table  can  be  produced.  The  facility  makes  use  of  a  metal-vapor  vacuum-arc  ion  source  which  is  operated  in  a  pulsed 
mode,  with  0.25  ms  pulse  width  and  a  repetition  rate  up  to  100  pps.  Beam  extraction  voltage  is  up  to  100  kV,  corresponding  to  an  ion 
energy  of  up  to  several  hundred  keV  because  of  the  ion  charge-state  multiplicity;  beam  current  is  up  to  several  amperes  peak  and 
around  10  mA  time-averaged  delivered  onto  target.  Implantation  is  done  in  a  broad-beam  mode,  with  a  direct  line-of-sight  from  ion 
source  to  target  Here  we  describe  the  facility  and  some  of  the  implants  that  have  been  carried  out  using  it,  including  the  “seeding”  of 
silicon  Wafers  pnor  ;o  CVD  with  titamum,  palladium  or  tungsten,  the  formation  of  buried  iridium  silicide  layers,  and  actinide 
(uranium  and  thorium)  doping  of  III-V  compounds. 


1.  Introduction 

Metal-ion  beams  of  high  intensity  have  traditionally 
been  somewhat  more  difficult  to  produce  than  beams  of 
gaseous  ions,  and  this  has  been  an  experimental  incon¬ 
venience  and  an  impedance  to  the  development  of 
metal-ion  implantation  applications.  With  the  develop¬ 
ment  of  the  MEWA  (metal-vapor  vacuum-arc)  ion 
source  [1-6],  however,  metal-ion  beams  of  exceptionally 
high  intensity  have  become  available,  providing  a  means 
for  carrying  out  a  wide  range  of  metal-ion  implanta¬ 
tions.  The  source  has  been  operated  with  48  of  the  solid 
metallic  elements  of  the  periodic  table  and  with  a  range 
of  alloys  and  compounds.  The  beam  ions  are  typically 
multiply  ionized  with  a  spectrum  of  charge  states  from 
1  to  5. 

Several  versions  of  the  MEWA  ion  source  have 
been  developed  and  their  operation  and  performance 
has  been  described  previously  [1-6].  The  implanter 
makes  use  of  the  MEWA-V  source  version.  This  em¬ 
bodiment  is  a  broad-beam  multicathode  ion  source.  The 
extractor  grids  are  10  cm  in  diameter,  and  this  is  thus 
also  the  beam  maximum  initial  diameter..  The  multi¬ 
cathode  assembly  houses  18  separate  cathode  materials, 
between  which  one  can  switch  simply  and  quickly..  This 
source  has  been  described  in  more  detail  in  refs.  [4,5],  A 
photograph  of  the  partially  disassembled  source  show¬ 
ing  the  multicathode  feature  and  the  large-area  extrac¬ 
tor  is  shown  in  fig.  1.  In  typical  operation  the  source  is 

'  On  leave  to  Lawrence  Berkeley  Laboratory  from  SODERN,, 
present  address:  SODERN,  1  Ave.  Descartes,  94451  Limeil- 
Brevannes,  France  Supported  by  a  grant  from  the  French 
Minist6re  des  Affaires  Etrangires,  Bourse  Lavoisier,,  and  a 
grant  from  SODERN. 


pulsed  at  a  rate  of  several  tens  of  pulses  per  .lecond.  For 
our  standard  pulse  length  of  250  ps,  a  repetition  rate  of 
40  pps  corresponds  to  a  duty  cycle  of  1%,  and  the  mean 
beam  current  is  then  1%  of  the  peak  (pulse)  beam 
current.  The  pulsed  operation  of  the  source  described 
here  is  not  inherent  to  the  MEWA  technology,  but  is 
simply  a  legacy  from  its  accelerator-based  lineage;  a 
version  capable  of  delivering  up  to  several  amperes  of 
dc  metal-ion  beam  current  has  been  tested  and  is  in 
development. 

2.  Description  of  the  facility 

Implantation  is  done  in  a  broad-beam  mode,  without 
magnetic  analysis  of  charge-to-mass  beam  components, 
and  the  ion  trajectories  are  line-of-sight  from  ion  source 
to  target.  The  high  ion-beam  charge  density  demands  a 
very  high  degree  of  space-charge  neutralization  of  the 
beam,  and  any  attempt  at  magnetic  analysis  would 
cause  a  major  perturbation  to  the  neutralizing  electrons 
and  disturb  or  destroy  the  neutralization,  with  conse¬ 
quent  space-charge  blowup  and  loss  of  beam..  However, 
the  MEWA  ion  beam  is  particularly  pure,  containing  a 
high  fraction  of  just  the  wanted  metal-ion  species;  this 
is  because  the  plasma  is  formed  solely  from  the  cathode 
matenal  where  the  cathode  spots  of  the  vacuum  arc  are 
active,  and  there  is  no  carrier  gas.  Thus  implantation  in 
a  non-mass-analyzed  mode  for  many  purposes  (but  not 
all)  poses  no  problems. 

The  vacuum  pressure  during  implantation  is  typi- 
cal'y  in  the  low-to-mid  10"*  Torr  range.  The  target  to 
be  implanted  is  introduced  into  the  vessel  through  an 
air  lock  and  the  turn-around  time  between  target 
changes  can  be  as  short  as  a  matter  of  minutes.  The 
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Fig.  1.  The  MEWA-V  ion  source,  partially  disassembled  to  show  the  multiple-cathode  feature  (holds  18  separate  cathodes)  and  the 

large  beam-formation  electrodes. 


target  is  mounted  on  a  water-cooled  holder  suspended 
from  a  vertically  moving  shaft;  the  source-to-target 
distance  is  6S  cm.  A  magnetically  suppressed  Faraday 
cup  with  a  5  cm  diameter  entrance  aperture  can  be 
inserted  into  the  beam  immediately  in  front  of  the 
target.  The  beam  current  can  thus  be  adjusted  prior  to 
implantation  and  the  number  of  beam  pulses  required 
to  accumulate  the  required  dose  can  be  calculated.  The 


overall  setup  is  shown  in  fig.  2.  An  example  of  the 
implanter  beam  current  performance  for  the  case  of  a 
titanium  beam  is  shown  in  fig.  3.  Here  the  beam-pulse 
current  density  delivered  onto  target  is  plotted  as  a 
function  of  extraction  voltage  for  a  range  of  different 
arc  currents.  The  peak  ion-beam  current  density  is  as 
high  as  20  nvA/cm^,  and  the  time-averaged  current 
density  up  to  approximately  1%  of  this. 
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Fig.  3  Measured  lon-current  density  as  a  function  of  extrac¬ 
tion  voltage  for  several  arc  currents;  titanium  beam. 


The  ion-beam  charge-state  distribution  can  be  mea¬ 
sured  using  a  time-of-flight  diagnostic.  The  detector 
measures  the  electrical  current  in  the  different  Q/A 
states  and  provides  a  good  measurement  of  the  ion 
composition  of  the  extracted  ion  beam.  The  time-of- 
flight  system  has  been  described  in  more  detail  in  ref., 
[7].  An  oscillogram  of  the  time-of-flight  charge-state 
spectrum  for  an  Ir  ion  beam  is  shown  in  fig.  4. 

Beam  is  extracted  typically  at  50-75  kV,  and  the 
maximum  voltage  at  which  we  have  operated  is  110  kV. 
Since  the  ion  charge-state  distribution  contains  multiply 
ionized  species  with  charge  state  up  to  about  g  =  5  -t- 
for  some  metals  and  with  mean  charge  state  of  typically 
Q  =  2+  to  3 -i- ,  the  mean  energy  of  the  beam  ions 
produced  can  be  200-300  keV  with  components  as  high 
as  500  keV. 

Cathode  materials,  and  thus  ion  beams,  with  which 
we  have  operated  include:  Li,  C,  Mg,  Al,  Si,  Ca,  Sc,  Ti, 
V,  Cr,  Mn,  Fe,  Co,  Ni,  Cu,  Zn,  Ge,  Sr,  Y,,  Zr,  Nb,  Mo, 
Pd,  Ag,  Cd,  In,  Sn,  Ba,  La,  Ce,  Pr,  Nd,  Sm,  Gd,  Dy,  Ho, 
Er,  Yb,  Hf,  Ta,  W,  Ir,  Pt,  Au,  Pb,  Bi,  Th  and  U  (8,9). 


Compound  and  alloy  cathode  materials  have  also  been 
investigated  [lOJ  and  mixed-composition  beams  can  be 
produced. 

3.  Some  implantations 

The  facility  has  been  used  for  exploratory  research 
for  a  variety  of  different  ion-implantation  applications, 
including  semiconductor,  superconductor  and  metal¬ 
lurgical  applications.  Although  the  fundamental  char¬ 
acteristics  of  the  MEWA  ion  beam  make  the  source 
not  ideal  for  a  simple  retrofit  to  traditional  semiconduc¬ 
tor  implanters,  the  MEWA  implanter  can  be  a  valuable 
tool  for  specialized  or  unique  implants  into  semiconduc¬ 
tors,  especially  in  a  research  mode. 

The  requirements  of  future  interconnect  densities  in 
VLSI  devices  have  led  to  the  development  of  new 
multilevel  interconnect  technologies.  One  such  tech¬ 
nique  involves  forming  interconnects  by  selectively  de¬ 
positing  tungsten  into  oxide  channels  which  have  been 
implanted  with  silicon.  However,  a  high  Si  dose  is 
required  to  initiate  the  selective  deposition  of  W  on 
oxide.  In  this  work  [11]  the  selective  deposition  of  W  on 
oxide  that  has  been  implanted  with  W  was  investigated. 
W  implants  were  done  at  137  keV..  We  found  that  a 
concentration  of  less  than  only  7.3  X  10^®  cm"^  of  im¬ 
planted  W  is  needed  for  the.  nucleation  process,  to  be 
compared  with  a  minimum  Si  oncentration  of  7.3  X 
10^'  cm"’  required  to  nucleate  'V  on  oxide  when  Si  is 
the  implanted  species.  We  are  indebted  to  Drs.  Nathan 
Cheung  and  colleagues  (University  of  California  at 
Berkeley),  Simon  Wong  (Stanford  University)  and  David 
Thomas  (Cornell  University)  for  their  lead  collabora¬ 
tion  in  this  research.  This  work  is  being  continued  using 
other  implant  species  including  Ti,  Cu  and  Pd;  see  an 
accompanying  paper  [12]  for  more  details. 


Fig.  4.  Time-of-flight  charge-state  spectrum  for  an  iridium 
beam.  The  peaks  correspond  to  g-l+  (far  right),  2-1-,;  3 -H 
(maximum),  4  +  and  5  -i- ,  right  to  left. 


Fig.  5.  Indium-implanted  silicon:  RBS  spectra  of  the  samples 
with  medium  dose,  (7xl0"^  cm“^),  as-implanted  and  after 
annealing  at  750  °  C  for  2  hours. 
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Fig.  6.  Cross-sectional  TEM  micrograph  of  buried  IrSi  j  layer. 


Uranium  and  thorium  impurities  are  known  to  be 
sources  of  soft  errors  in  semiconductor  memory  devices, 
and  ti;is  has  motivated  the  implantation  of  U  and  Th 
into  Si  Tor  some  fundamental  studies  of  diffusion.  We 
are  indebted  to  Dr.  Fred  Stevie  and  colleagues  from 
ATT/Bell  Laboratories  for  lead  collaboration  in  this 
work;  the  results  have  been  reported  in  detail  in  refs. 
[13,14].  We  implanted  U  and  Th  into  St  wafers  at  a 
mean  energy  of  185  keV  (U)  and  205  keV  (Th)  and  to 
doses  of  1.2  X  lO'^  cm'^  (U)  and  4.0  X  lO'"*  cm“^  (Th), 
respectively.  RBS  and  SIMS  were  used  to  obtain  the 
depth  profiles.  The  U  and  Th  follow  the  anomalous 
diffusion  behavior  that  is  also  seen  for  Al  and  Ag  in  St 
at  low  tempieratures,  in  that  the  implants  migrate  to  two 
regions  -  the  surface  and  the  amorphous/ crystalline 
interface. 

Actinides  are  good  candidates  for  active  tons  in 
electro-optic  materials  due  to  the  numerous  sharp  emis¬ 
sions  covering  a  broad  spectral  range.  Applications  in¬ 
clude  non-silica-based  fiber  optics  and  light-emitting 
junction  diodes.  We  implanted  uranium  into  the  III-V 
semiconductors  GaAs  and  InP  at  a  mean  ion  energy  of 
131  keV  and  to  a  dose  of  approximately  4  x  10'^  cm'^; 
the  implanted  samples  were  annealed  at  640-850  °C. 
Characteristics  of  the  emission  lines  found  are  described 
fully  in  ref.  [15].  We  are  indebted  to  Dr..  Gemot 
Pomrenke,  of  Wright  Patterson  AFB  (present  address 
AFOSR  Washington),  and  colleagues  for  their  lead  col¬ 
laboration  in  this  work.. 

We  have  investigated  the  formation  of  IrSi3  layers 
buried  in  (111)  silicon.  The  layers  were  formed  by 
iridium  ion  implantation  with  a  mean  beam  energy  of 
130  keV  and  at  doses  ranging  from  2  X  lO'*  to  1.5  x  10’’ 
cm"^.  The  formation  of  the  lrSi3  phase  was  realized 


after  annealing  at  temperatures  as  low  as  500  °C.  A 
continuous  IrSi3  layer  about  200  A  thick,  buried  under 
400  A  Si,  was  formed.  Radiation  damage,  and  the 
effects  of  the  implant  dose  on  phase  formation,  inter¬ 
face  morphology  and  implanted  atom  redistribution 
were  investigated.  It  was  determined  that  a  critical 
minimum  dose  of  3.5  X  lO'*  cm"^  was  necessary  for  the 
formation  of  a  continuous  buned  layer  after  annealing, 
while  implant  doses  over  8  X  10'*’  cm’  ^  resulted  in  the 
formation  of  an  IrSi3  on  the  surface  due  to 

excessive  sputtering  of  Si  by  the  Ir  ions.  Fig.  5  shows 
the  RBS  spectra  of  samples  implanted  at  a  medium 
dose  of  7  X  lO'*  cm’^,  before  and  after  annealing  at 
750  °  C  for  2  hours.  Fig.  6  shows  a  cross-sectional  TEM 
micrograph  of  this  sample;  note  the  sharpness  of  the 
interfaces  between  the  buried  silicide  layer  and  the 
surface  and  substrate  Si.  We  are  indebted  to  Dr.  Kin 
Yu  and  colleagues  at  LBL  for  their  lead  collaboration  in 
this  work;,  this  research  has  been  reported  in  detail  in 
ref.  [16]. 


4.  Conclusions 

The  MEVVA  implantation  facility  provides  a  unique 
tool  for  carrying  out  metal-ion  implantation  experi¬ 
ments;  a  wide  range  ot  metallic  ion  species  can  be 
produced  and  delivered  onto  target.  The  implanter  op¬ 
erates  in  a  broad-beam,  non-mass-analyzed  mode,  and 
the  beam  current  is  pulsed  with  a  maximum  beam 
current  of  about  1  A  and  a  mean  current  of  about  10 
mA.  Ion  energy  can  be  varied  up  to  several  hundred 
keV. 
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The  Whickham  Ion  Beam  Systems  200  kV  ion  implanters  at  the  Royal  Melbourne  Institute  of  Technology  and  at  Harwell  are 
used  for  a  wide  range  of  materials  modification  applications  covering  S'  miconductor  devices,  metals,  polymers,  insulators  and 
industrial  components.  In  particular,  this  paper  descnbes  flexible  features  of  the  prototype  RMIT  machine,  concentrating  on  the 
scanning  and  endstation  arrangements.  Selected  applications  are  reviewed,  with  particular  attention  given  to  variable  temperature 
implantations  into  semiconductors. 


1.  Introduction 

Ion  implantation  i$  a  powerful  method  for  modifying 
the  near-surface  properties  of  materials.  Diverse  appli¬ 
cations  include  controllably  altering  the  electrical, 
physical,  chemical,  mechanical  and  optical  properties  of 
semiconductor  devices,  metals,  polymers  and  ceramics 
[1].  Ion  implanters  which  cater  for  such  diverse  research 
applications  must  be  extremely  flexible.  For  example, 
ion  beams  of  all  elements  in  the  periodic  table  are 
desirable,  doses  can  cover  the  range  10’cm“^  to  greater 
than  10'*cm"^,  sample  sizes  are  variable,  necessitating 
versatile  beam  scanning  and  sample  manipulation  capa¬ 
bilities,  and  sample  temperatures  during  implantation 
often  need  to  be  varied  from  well  below  room  tempera¬ 
ture  to  several  hundred  degrees  centigrade.  This  paper 
describes  certain  features  and  applications  of  the  proto¬ 
type  200  kV  Whickham  Ion  Beam  Systems  (WIBS)  ion 
implanters  at  the  Royal  Melbourne  Institute  of  Tech¬ 
nology  and  at  Harwell.  These  machines  cater  for  div'erse 
research  and  precommercial  applications  involving  ion 
beam  modification  of  materials. 


'  Also:,  Department  of  Electronic  Materials  Engineering, 
Australian  National  University,  Canberra,  2600  Australia. 

Elsevier  Science  Publishers  B.V.  (North-Holland) 


2.  Machine  specifications  and  features 

Fig.  1  illustrates  the  modular  design  and  layout  of 
the  present  commercially  available  WIBS  200  kV  ion 
implanter,  but  the  basic  features  are  similar  on  the 
prototype  RMIT  and  Harwell  machines.  The  basic  ion 
implanter  features  two-stage  acceleration  with  practical 
ion  source  beam  extraction  from  5-50  kV  and  post 
acceleration  from  0-150  kV.  General  details  of  the  ion 
implanter  have  been  described  elsewhere  [2]  and  will 
not  be  covered  in  detail  here. 

Briefly,  three  ion  sources  are  available,  all  based  on 
the  Freeman-type  source  [3]:  (i)  a  gas  source,  (.’i)  a 
furnace  source  for  solid  materials  operating  up  to 
1150  "C,  and  (iii)  a  sputter  probe  source  for  high  melt¬ 
ing  point  materials.  These  sources  are  mounted  into  a 
large  ion  source  chamber  providing  ease  of  access  and 
source  interchangeability.  Collectively,  these  Freeman- 
type  sources  can  provide  ion  beams  of  all  species  in  the 
penodic  table  at  analysed  beam  currents  exceeding  1 
mA  for  most  species,  as  indicated  earlier  [4].  Specific 
performance  details  of  the  Whickham- Freeman  sources 
used  in  this  study,  particularly  the  sputter  source,  will 
be  published  elsewhere. 

Fig.  2  is  a  simple  schematic  of  the  beam  optics  and 
transport  up  to  the  single-gap  post  acceleration  lens. 
The  natural  focal  point  of  the  beam  (in  the  horizontal 
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Fig,  1  Modular  layout  of  the  WIBS  200  kV  ion  implanter.  This  relates  specifically  to  the  present  commercial  machine  but  the 

features  are  the  same  as  those  on  the  RMIT  and  Harwell  machines 


plane)  i$  at  the  entrance  aperture  of  the  post  accelera¬ 
tion  lens.  However,  a  double  focusing,  60  ®  magnet  with 
externally  adjustable  pole  tips  allows  the  focal  length  to 


be  increased  (up  to  about  5  m)  as  desired  [2],  Such  an 
arrangement  can  provide  analysed  beams  of  >  250  amu 
at  50  keV  with  excellent  mass  resolution  ( A//AA/  up  to 


ANALYSING  MAGNET  (0  -  220A.  60',  12KO) 
R  =  100mm,  POLE  GAP  =  50mm 


Fig.  2.  Beam  optics  and  beam  transport  showing  variable  post  acceleration  lens  and  defining  aperture  on  the  RMIT  machine. 
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2000).  The  RMIT  post  acceleration  lens  has  an  exter¬ 
nally  variable  entrance  slit  in  the  horizontal  plane  from 
0-5  mm,  with  a  fixed  vertical  slit  of  40  mm.  This 
flexibility  allows  optimum  beam  current,  mass  resolu¬ 
tion  and  focusing  to  be  obtained  under  all  conditions 
involving  low  or  high  post  acceleration  potentials  and 
for  all  mass  species.  Operation  and  optics  of  the  magnet 
and  post  acceleration  system  is  essentially  similar  to 
tliat  described  previously  [2,3]. 

3.  Scanning  and  endstation  arrangements 

The  RMIT  machine  incorporates  two  types  of  scan¬ 
ning  (electrostatic  and  mechanical)  and  two  implanta¬ 
tion  endchambers  in  series;  one  principally  for  large 
area  industrial  components  and  one  for  small  area 
research  samples.  Fig.  3  shows  a  plan-view  of  the  in¬ 
dustrial  chamber  and  both  the  electrostatic  and  mecha¬ 
nical  scanning  arrangements. 

The  RMIT  industrial  chamber  uses  a  16  X  16  cm^ 
.v-i’  mechanical  stage.  When  this  stage  is  being  used, 
the  A-v  electrostatic  scan  plates  are  removed  to  allow 
the  full  40-50  mm  high  beam  to  impinge  on  the  target 
plate.  A  fixed  beam  defining  aperture  block  is  mounted 
in  front  of  the  moving  x-y  stage.  Beam  currents  on 
target  of  up  to  15  mA  (e.g.,  for  gas  species  such  as  Ar* 
and  N  )  have  been  obtained  in  this  system. 

An  x-y  mechanical  stage  is  currently  being  devel¬ 
oped  at  RMIT  to  provide  target  cooling.  This  uses 


flexible  heat  pipes  connected  to  a  heat  exchanger 
mounted  external  to  the  vacuum  system.  Measurements 
of  the  performance  (e.g.,  cooling  efficiency)  of  this 
system  are  currently  in  progress.  The  dose  uniformity 
achieved  with  the  (uncooled)  mechanical  stage  over  an 
area  of  12  X  12  cm^,  as  measured  by  Rutherford  back- 
scattering,  can  be  better  than  3%. 

For  implantation  in  the  research  chamber  the  elec¬ 
trostatic  scan  system  is  used.  In  this  case,  the  beam  is 
defined  by  a  water  cooled  aperture  (2x1  cm’)  im¬ 
mediately  in  front  of  the  x-plates  (fig.  3).  The  implant 
area  is  defined  by  x-y  variable  slits  at  the  entrance  to 
the  research  chamber  which  is  offset  about  2°  in  the 
horizontal  plane  to  effectively  provide  a  neutral  trap 
(fig.  3).  The  beam  is  steered  onto  the  x-y  defining  slits 
and  overscanned  to  provide  a  maximum  .scan  area  of 
5x5  cm^.. 

The  research  chamber  arrangement  is  shown  in 
plan-view  in  fig.  4.  It  incorporates  a  sample  holder  with 
two  degrees  of  freedom  (translation  over  15  mm  and 
rotation  through  360®)  allowing  many  small  research 
samples  to  be  loaded  at  the  one  time  for  individual 
implantation.  A  variety  of  sample  holders  are  available 
to  achieve  constant  implant  temperatures  (liquid  nitro¬ 
gen  cooled  and  between  0-900  °C).  A  fixed,  liquid- 
nitrogen-cooled  shield  surrounds  the  target  to  reduce 
hydrocarbon  contamination.  This  cold  shield  also  serves 
as  a  secondary  electron  shield  when  biased  to  -  300  V. 
Magnetic  suppression  is  also  used  at  the  entrance  to  the 
research  chamber.  The  dose  uniformity  provided  by  the 


Fig.  3.  The  RMIT  industrial  chamber  (plan-view)  showing  both  electrostatic  and  mechanical  x-y  scanning  systems  The  research 
chamber  (fig.  4)  is  mounted  in  senes  and  utilizes  the  electrostatic  scanning  system. 
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electrostatic  scan  arrangement  can  be  better  than  3%  as 
measured  by  subsequent  Rutherford  backscattering 
analysis.  However,  the  available  electrostatic  scan  area 
currently  is  limited  in  the  prototype  RMIT  system  when 
higher  ion  energies  ( >  100  keV)  are  used.  In  such  cases, 
and  when  large  scan  areas  (S  X  S  cm^)  are  required,  it  is 
not  possible  in  the  present  system  to  completely 
eliminate  a  possible  neutral  beam  component,  necessi¬ 
tating  very  good  beam  line  and  chamber  vacuum.  These 
limitations  are  currently  being  addressed. 

Also  shown  in  fig.  4  is  the  provision  of  in  situ 
diagnostics  consisting  of;  (i)  time  resolved  reflectivity 
(TRR)  from  the  sample  surface  during  implantation  to 
dynamically  detect  amorphization,  phase  changes  and 


compound  formation;  a  He-Ne  laser  is  used  as  the 
optical  source;  (ii)  a  low  energy  Rutherford  backscatter¬ 
ing  (RBS)  arrangement  (shown  in  side-view  in  the  inset 
of  fig.  4).  This  latter  arrangement  allows  doubly-charged 
He  ions  to  be  used  for  moniKiring  composition  and 
depth  profile  changes  during  implantation.  The  perfor¬ 
mance  and  application  of  the  in  situ  diagnostic  facilities 
will  be  published  elsewhere  [IS]. 


4.  Selected  applications 

Table  1  illustrates  some  applications  pursued  to  date 
on  the  RMIT  WIBS  200  kV  ion  implanter.  Semiconduc- 


Fig.  4.  The  RMIT  research  chamber  (plan-view)  showing  in  situ  laser  reflectivity  and  Rutherford  backscattering  (RBS)  systems.  The 

inset  (side-view)  shows  the  RBS  geometry. 
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tor  applications  include  verv  low  to  medium  doses  for 
doping  requirements  in  Si  and  OaAs  [9],  high  doses  for 
studies  of  damage  [6]  and  phase  transformations  [5,7j, 
very  high  doses  for  buried  oxide  [8]  and  other  com¬ 
pound  formation  applications  and  implantation  of  inert 
species  for  isolation  of  GaAs  structures  [10],  Most  of 
these  semiconductor  applications  have  utilized  small 
implant  areas,  where  implant  dose  accuracy  and  uni¬ 
formity  of  better  than  3%  can  be  achieved  with  care 
during  the  implantation. 

Another  class  of  semiconductor  applications  has  in¬ 
volved  variable  temperature  implantation  at  either 
-196°C  or  from  0-500  “C  to  either  introduce  damage 
(i.e..  amorphization)  or  induce  damage  removal  (i.e., 
crystallization).  These  studies  first  involve  the  amorphi¬ 
zation  of  the  near-surface  of  semiconductors  by  low 
energy  ions  at  low  temperatures,  then  the  subsequent 
irradiation  of  such  layers  with  high  energy  ions  at  high 
temperatures  to  induce  crystallization.  Recent  experi¬ 
ments  have  involved  epitaxial  Ge-Si  alloys  and  silicides 
on  Si  (11,12].  Fig.  5  shows  the  experimental  arrange¬ 
ment  for  both  amorphizing  and  recrystallizing  such 
layers  using  ^"Si  or  ”Si  ions  from  the  RMIT  WIBS  200 
kV  ion  implanter.  Fig.  6  shows  RBS  and  ion  channeling 
spectra  illustrating  the  epitaxial  crystallization  of 
amorphous  GcqiSios  layers  using  Si  ions  at  an  effec'ive 
energy  of  300  keV  and  with  the  sample  held  at  215°  C. 
The  extent  of  epitaxial  growth  is  roughly  proportional 
to  the  Si^"^  ion  dose  [llj. 


Fig.  5.  Schematic  illustration  of  beam  annealing  of  epitaxial 
Ge-Si  alloys  and  NiSii  layers  on  (100)  or  (lll)Si.  (a)  The 
initial  epitaxial  layer  structure  (  - 1000  A  thick)  (b)  Amorphi¬ 
zation  schedule,  (c)  Beam  annealing  at  elevated  temperature 


Also  illustrated  in  table  1  are  implantation  into 
Ni-based  alloys  for  corrosion  resistance,  activation  (i.e., 
bond  breaking)  of  polymer  surfaces  using  low  energy 
gaseous  ion  bombardment,  the  amorphization  of  sap¬ 
phire  [14],  and  implantation  studies  of  diamond  (for 
hardness  improvement)  by  C  and  N  bombardment  at 
temperatures  up  to  900  ®C.  Finally,  industrial  applica¬ 
tions  have  mcluded  the  bombardment  of  burner  tips 
and  stainless  steel  dies  to  improve  working  lifetimes  of 


Table  1 

Selected  applications  which  have  been  pursued  on  the  RMIT  WIBS  200  kV  ion  implanter 


Target 

Implant 

species 

Implant 

temperature 

Dose  range 
(em'^j 

Application 

Silicon 

P,  B 

In.  Sn,  Ga,  Sb.  Bi.  etc 

^"Si  or  -’Si 

"‘'Sn 

0,  C  or  Ni 

\5°C 

-196-400°C 

-196°C 

-196°C 

variable 

10"-10'^ 

10’^-5xl0"’ 

10'‘'-10” 

10'*' 

-10'» 

MOS  threshold  adjustment 
high  dose  studies  [5] 
amorphization/damage  studies  [6] 
Mossbauer  studies  [7] 
oxide,  carbide,  silicide  formation  [8] 

Gallium  arsenide, 
ni-V  structures 

^’Si,  Mg,  etc 

H.  He,  0 

variable 

variable 

vanable 

variable 

doping  for  n-,  p-layers/contact  [9] 
device  isolation  [10] 

Ge-Si  alloy 
heterostructures 

^“Si.^’Si 
high  energy  ^’Si 

-196°C 

200-400  "C 

lO'^-lO'* 

lO'^^-lO'’ 

amorphization 

beam-induced  crystallization  [11,12] 

Ni,  NiSi  alloys 

Mg,  Ni,  Si,  Kr 

IS’C 

10''-10'’ 

high  temperature  corrosion  resistance 

Various  polymers 

He,  0,  Ar 

15’’C 

lO'^-lO” 

doping  and  surface  activation 

Diamond 

C.N 

15-900‘’C 

10“'-10‘* 

damage  studies  [13] 

Sapphire 

0,  In.  Pb 

-196-15°C 

10”-10''’ 

amorphization,  damage,  crystallization  [14] 

Cu- Be  components 

N,  Cr,  Ti 

nominally  15'’C 

-10’’ 

reduce  pitting  corrosion 

Stainle.ss  steel 
components 

N 

nominally  IS'C 

lO'^-lO'* 

improved  hardness,  wear  resistance 
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Energy  (MeV) 
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800  850  900  950 
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Fig.  6.  Rutherford  backscattenng  and  channeling  spectra  (2  MeV  He)  from  a  GeojSiog  layer  amorphized  to  form  a  layer  -  400  A 
thick  and  then  beam  annealed  at  275 °C  with  300  keV  Si‘  ‘  lon.s.  The  spectra  correspond  to  the  initial  amorphous  layer  (thin  solid 
curve),  partial  annealing  (dashed  curve)  and  full  annealing  (dotted  curve)  The  thick  solid  curve  is  a  random  spectrum 


such  components.  These  latter  applications  have  in¬ 
volved  the  use  of  x-y  mechanical  scanning.  Many  of 
the  non- semiconductor  applications,  particularly  those 
involving  large  aicu  (>  3  X  3  cm^),  have  not  required 
absolute  dosimetry  or  tugh  dose  uniformity.  However, 
current  developments  are  in  train  at  RMIT  to  ensure 
dosimetry  and  uniformity  to  acceptable  levels  for  large 
area  implants.  The  Harwell  implanter  (and  indeed  the 
current  commercial  WIBS  m-ichines)  do  not  suffer  from 
such  limitations. 


S.  Conclusion 

The  WIBS  200  kV  ion  implanter  is  a  flexible,  user 
fnendly  R&D  machine  for  materials  modification. 
Scanning  and  endstation  arrangements  on  the  prototype 
RMIT  machine  have  been  described  which  enable  both 
research  and  precommercial  component  implantations 
of  many  elements  to  be  undertaken  into  a  wide  range  of 
material  types  and  sample  sizes. 
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The  phased  linear  scanner 

Derek  Aitken 

Supenon  LtmiteO,  10  Si  Leonard’s  Road,  Surbiton,  Surrey  KT6  4DE,  UK 


The  potential  demand  for  high-  and  low-dose  ion  implantation  into  large  5Uti»trates,  created  by  flat-panel  display  and  similar 
technologies,  has  highlighted  the  need  for  a  suitable  mechaiucal  parallel-scanning  technique.  The  phased  linear  scanner  (PLS)  concept 
IS  desenbed  and  the  advantages  over  other  mechanical  scanning  techniques  for  large-substrate  implantation  are  discussed.  The 
application  of  PLS  to  high-throughput  production  machines  is  described. 


1.  Introduction 

The  phased  linear  scanner  is  a  result  of  the  increas¬ 
ing  demand  for  an  end  station  suitable  for  high-  and 
low-dose  ton  implantation  of  large  substrates,  i.e.,  sub¬ 
strates  significantly  larger  than  a  200  mm  wafer.  It  also 
fulfils  the  common  requiremeiii  for  a  parallel  scan. 

Existing  scanning  techniques  can  be  diviaed  into 
three  different  types: 

(a)  X-Y  beam  scanning, 

(b)  hybrid  scanning,  and 

(c)  X-Y  mechanical  target  scanning. 

Beam  scanning  is  widely  used  for  low-  and  medium-cur¬ 
rent  ion  implantation  into  silicon  wafers.  The  beam 
current  that  can  be  electrostatically  scanned  is  limited 
by  space-charge  considerations  to  approximately  1  mA. 
X-Y  parallel  electrostatic  scanning  is  difficult  to  achieve 
and  IS  not  appropriate  for  large  substrates.  Magnetic 
scanning  does  not  suffer  from  the  space-charge  be  n- 
current  limitation,  but  hysteresis,  eddy  currents  and 
physical  size  problems  limit  the  practical  usefulness  of 
either  conventional  or  parallel  X-Y  magnetic  scanning. 
Some  of  the  geometrical  problems  in  parallel-scanning 
sys'ems  can  be  minimised  by  scanning  the  beam  in  one 
pL.iv,  only,  the  slow  scan  being  achieved  by  mechanical 
target  scanning  (hybrid  scanning). 

The  most  suitable  techmque,  particularly  when  high 
doses  are  required,  is  X-Y  mechanical  scanmng  as  used 
in  existing  high  current  machines.  The  problem  with 
existing  mechanical  scan  techniques  is  that  they  are 
large  for  200  mm  wafers  and  become  excessively  large 
foi  laigci  substrates.  This  is  true  for  boti.  spinmng-disc 
and  racetrack  carousel  designs  because  geometric  con¬ 
siderations  require  minimum  batch  sizes  of  8-10  sub¬ 
strates.  The  only  mechanical  scan  technique  to  be  at¬ 
tractive  for  small  batch  sizes  is  the  reciprocating  linear 
mechanical  scan,  but  this  technique  is  inherently  slow 
because  of  ti  e  conflict  between  scan  speed  and  reversal 
time  imposed  by  the  need  to  reverse  the  scan  direction 


at  the  end  of  each  fast  scan.  The  limitations  of  conven¬ 
tional  linear  mechanical  scanning  have  been  overcome 
by  a  technique  called  “phased  linear  scanning”. 


2.  Linear  scanning 

With  a  single-target  oscillatory  linear  scan  there  is  a 
fundamental  conflict  between  scan  speed  (in  the  fast 
scan  direction)  and  reversal  time.  As  simple  harmonic 
reversal  is  a  convenient  option,  the  first  question  to  be 
asked  is  whether  there  is  an  optimum  relationship  be¬ 
tween  scan  speed  and  SHM  reversal  time,  i  e..  a  condi¬ 
tion  for  maximum  scan  frequency. 

Let  the  linear-scan  distance  be  s,  the  reversal  dis¬ 
tance  r  (corresponding  to  the  radius  of  tht.  SHM  circle) 
and  the  maximum  acceptable  reversal  acceleration  a. 
Then  the  frequency  /  is 

■'  l{s  +  i:r) 

For  maximum  frequency,  d//dr  =  0  and  r  =  s/ii. 
Therefore  the  maximum  frequency  is  achieved  when  the 
linear-scan  time  and  the  reversal  time  are  equal. 


3.  Phased  linear  scanning 

Phased  linear  scanning  (PLS),  in  its  simplest  form, 
scans  two  sub.,trates  along  parallel  tracks.  The  linear- 
scan  time  and  the  reversal  time  are  approximately  equal; 
while  one  substrate  is  being  scanned  through  the  beam, 
the  other  is  being  decelerated  to  rest  and  then  accel¬ 
erated  to  full  scan  speed  in  the  opposite  direction.  There 
is  always  at  least  one  substrate  moving  at  full  scan 
speed.  The  two  substrates  are  therefore  given  identical 
mechanical  scan  movements  but  the  two  motions  are 
out  of  phase;  hence  the  name  “phased  linear  scan”.  The 
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generous  time  available  for  reversal  means  that  high 
scan  speeds  can  be  achieved  with  modest  reversal  accel¬ 
eration.  PLS  is  used  for  the  fast  scan;  the  slow  scan  is  a 
conventional  mechanical  scan. 

Fig.  1  shows  a  schematic  of  a  PLS  system  driven  by 
a  racetrack  mechanical  driver.  The  linear  movement  and 
SHM  reversal  of  the  followers  driven  by  the  two  pins 
moving  round  the  racetrack  at  a  constant  speed  are 
transferred  to  the  two  substrates  moving  along  parallel 
.scan  tracks  in  the  target  chamber..  The  scan-track  unit 
moves  vertically  to  give  the  slow  scan  component  of  the 
mechanical  scan. 

The  sequence  of  PLS  movement  along  the  scan  track 
during  reversal  is  shown  in  fig.  2.  The  target  represented 
by  solid  lines  will  be  called  target  1  and  the  target 
represented  by  dotted  lines  target  2.  In  position  1 1 1  the 
two  substrates  are  positioned  symmetrically  about  the 
beam  and  are  both  moving  at  full  speed  to  the  left  (as 
indicated  by  the  solid  and  dotted  arrows);  in  position 
1 2 1  target  1  has  cleared  the  beam  and  is  about  to  start 
reversal;  in  position  |3|  target  1  is  halfway  through 
reversal  and  is  stationary,  while  target  2  is  movinp,  to 
the  left  at  full  speed  through  the  beam;  in  position  |4| 
both  substrates  are  clear  of  the  beam,  target  1  moving  at 
full  speed  to  the  right  and  target  2  at  full  speed  to  the 
left,  in  position  |5|  target  1  is  moving  to  the  right  at 
full  speed  tnrough  the  beam,  while  target  2  is  halfway 
through  reversal  and  is  stationary;  in  position  |6 1  target 
2  is  just  eniering  the  beam  and  both  substrates  are 
moving  to  the  right  at  full  speed;  etc. 

It  will  be  noticed  that  the  linear-scan  distance  and 
the  reversal  distance  round  the  semicircular  part  of  the 
racetrack  dnver  are  not  equal;  the  racetrack  reversal 
distance  is  equal  to  the  distance  between  the  centre  lines 
of  the  two  targets;  the  linear-scan  length  is  increased  to 


<C=3  <=3 


c=rC>  c=:^>  .  c=> 


Fig.  2.  PLS  reversal  sequence. 


allow  for  the  width  of  the  beam.  Except  lor  a  bnef 
instant  at  the  overscan  position  |4|,  there  is  always  at 
least  one  of  the  two  targets  passing  through  the  beam. 

4.  PLS  with  more  than  two  substrates 

So  far  only  the  two-target  situation  has  been  consid¬ 
ered.  If  the  number  is  larger  than  two,  the  reversal  time 
can  be  increased  relative  to  the  linear-scan  time  and 
higher  scan  speeds  achieved  for  a  particular  reversal 
acceleration  value. 

Fig.  3  shows  PLS  phase  diagrams  for  one  to  six 
targets.  Each  phase  diagram  is  effectively  a  simplified 
representation  of  the  racetrack  driver  with  the  racetrack 
represented  by  a  circle;  the  linear  portion  is  that  in  the 
cross-hatched  box  (representing  the  ion  beam)  and  the 
reversal  portions  outside  the  box.  For  simplicity  the 
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Fig.  3.  PLS  phase  diagrams. 


linear-scan  distance  and  the  distance  between  targets  increased  by  •/l  for  the  same  maximum  acceleration 

are  shown  as  being  equal  so  that  the  diagram  can  be  (SHM  maximum  acceleration  is  v^/r). 

divided  into  a  number  of  equal  sectors.  The  four-target  system  will  logically  be  the  batch 

The  targets  are  represented  by  numbered  squares  sequence  shown  in  the  n  =  4  diagram.  The  opposite  end 

travelling  round  the  circumference  at  a  constant  speed  of  the  diameter  is  available  for  each  target  but  no 

in  the  anticlockwise  direction.  Each  diagram  shows  regular  sequence  is  available  for  a  value  of  n  that  is  not 

target  1 1 1  about  to  pass  through  the  beam  (i.e.,  through  divisible  by  an  odd  number.  The  reversal  time  is  three 

the  linear-scan  portion)  from  left  to  right  at  the  bottom  times  that  of  the  linear  scan  time  and  the  speed  can  be 

of  the  diagram.  increased  by  v/3  for  a  particular  maximum  acceleration 

For  a  single  target  («  =  ’ ;  the  target  passes  through  value  compared  with  two-target  system, 
the  beam  from  left  to  riglit,  reverses  while  clear  of  the  The  five-target  situation  is  sinular  to  n  =  3  (i.e.,  two 

beam  and  then  passes  through  the  beam  from  right  to  logical  options)  and  the  available  scan  speed  is  double 

left,  etc.  Maximum  scan  frequency  is  obtained  when  that  of  the  two-target  system.  The  six-target  system  is 

linear-scan  and  reversal  times  are  equal.  This  gives  a  similar  to  n  =  4  except  that  as  n  =  6  is  divisible  by  an 

nominal  50%  beam  utilization.  odd  number  then  a  hybnd  batch  sequence  is  available 

The  two- target  situation  {n  =  2)  has  already  been  (three  batches  of  two).  A  similar  situation  arises  with 

described.  Note  that  it  is  a  batch  sequence  (a  pair  of  n  =  10  (five  batches  of  two). 

targets  pass  through  the  beam  with  a  nominal  small  gap  It  is  worth  noting  that  the  n  =  4  and  n  =  6  situations 

between  them).  For  three  targets  there  are  two  options.  are  different  to  a  double-width  target  holder  taking  two 

Either  the  three  targets  pass  through  the  beam  from  left  targets  in  the  n  =  2  and  n  =  3  modes;  the  total  scan 

to  right  in  succession,  followed  by  the  three  passing  amplitude  (determining  one  dimension  of  the  target 

through  the  beam  from  right  to  left  (batch  sequence).  chamber)  is  less  for  n  =  4  and  n  =  6  and  the  available 

Alternatively  'he  position  for  target  |2|  can  be  that  scan  speed  is  larger., 

represented  by  the  square  and  circle  (on  the  other  end 
of  the  diameter);  targets  now  pass  through  the  beam 
alternately  in  opposite  directions.  The  practical  ad¬ 
vantage  of  the  latter  is  that  it  is  a  mechanically  better 
balanced  sequence;  the  disadvantage  is  that  it  is  less 

effidem  because  overscan  clearance  is  required  around  The  previous  section  has  looked  at  increasing  the 

each  target  whereas  the  batch  approach  only  requires  number  of  targets  in  the  system  by  increasing  the  num- 

overscan  around  the  group  of  targets  (with  nominal  ber  of  targets  involved  in  the  PLS  sequence.  A  very 

small  gaps  in  between).  The  available  reversal  time  is  attractive  practical  alternative  is  to  stack  PLS  scan 

double  that  of  the  two-target  situation;  therefore  the  systems  behind  each  other  and  to  use  an  alternate 

reversal  acceleration  is  halved  or  the  speed  can  be  sequence  of  slow  scan  cycles. 
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Fig.  4.  End  stations  for  large-substrate  implantation:  (a)  spinning-disc  end  station,  (b)  PLS  end  station. 


The  simplest  and  most  attractive  combination  being 
considered  is  to  stack  up  to  six  two-target  PLS  modules 
behind  each  other.  The  main  motive  is  to  increase  the 
throughput  by  reducing  the  number  of  vent/unload/ 
load/pump  cycles  and  to  reduce  wafer  heating  by  in¬ 
creasing  the  implant  area.  A  very  important  conse¬ 
quence  of  using  one  or  more  two-target  PLS  modules  is 
the  ability  to  park  the  targets  in  position  |4  [  in  fig.  2; 
when  the  targets  are  parked  behind  each  other  in  this 
way  they  can  be  unloaded  and  loaded  each  in  a  single 
operation.  Another  important  consequence  is  that  al¬ 
though  there  may  be  (say)  twelve  targets  in  the  batch, 
only  two  are  being  implanted  at  any  one  time  (because 
of  sequential  slow  scans)  and  therefore  only  two  of  the 
twelve  targets  would  be  affected  by  the  discontinuity 
caused  by  a  beam  failure  during  implant. 


6.  Comparison  of  scan  techniques  for  large  substrates 

The  primary  advantage  of  PLS  is  its  ability  to  allow 
an  efficient  implant  of  large  substrates  in  a  small  sys¬ 
tem.  As  a  result  it  is  easily  retrofittable  to  existing 


implanter  systems.  The  most  suitable  alternative  mecha¬ 
nical  scan  technique  is  the  conventional  spinning  disc; 
that  IS,  conventional  in  principle  if  not  in  size.  The  size 
issue  is  illustrated  in  fig.  4.  The  spinning  disc  is  shown 
with  eight  substrates.  This  is  probably  the  smallest 
practical  number;  the  issues  are  the  following. 

(a)  S~an  efficiency,  with  eight  substrates  the  geome¬ 
try  is  such  that  for  a  40  mm  X  20  mm  beam  onto  360 
mm  square  substrates  (a  typical  requirement)  the  beam 
spends  38%  of  the  scan  cycle  hitting  the  beam  stop.  The 
size  of  the  system  decreases  as  the  batch  size  decreases, 
but  the  beam  utilization  gets  rapidly  worse. 

(b)  Fast  scan  speed  as  a  function  of  radius:  for  eight 
substrates  the  scan  speed  on  the  outside  of  the  disc  is 
double  that  on  the  inner  radius.  This  ratio  is  possibly 
dangerous  at  this  level  as  it  could  cause  an  annealed 
implant  property  drift  (at  high  beam  currents)  from  one 
side  of  the  substrate  to  the  other;  a  smaller  batch  size 
makes  the  situation  worse. 

If  the  systems  in  fig  4  were  for  360  mm  square 
substrates,  the  minimum  internal  dimensions  of  the 
spinning  disc  vacuum  chamber  would  be  2.2  m  by  1.75 


Laminar  flow 
hood. 


2-12  substratea 
in  load/unload 
position  (stacked 
behind  each  other). 


Work  surface. 


Fig.  5.  Autoload  PLS. 
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m,  whereas  the  PLS  would  be  1.0  m  by  0.8  m.  The 
weight  and  cost  of  these  small-depth  vacuum  chambers 
IS  very  sensitive  to  these  dimensions  and  is  relatively 
insensitive  to  the  depth  dimension  while  it  remains 
small  (say,  less  than  \  m). 


7.  PLS  systems  for  large-substrate  implant 

The  design  and  performance  of  a  PLS  end  station 
will  depend  on  a  number  of  details:. 

(1)  the  substrate  size  and  batch  size, 

(2)  beam  current,  beam  power  and  implant  dose, 

(3)  maximum  allowable  substrate  temperature, 

(4)  maximum  allowable  reversal  acceleration, 

(5)  required  throughput,  and 

(6)  manual  or  automatic  loading. 

Fig.  5  shows  an  autoload  system  for  substrates  up  to 
500  mm  square.  For  production  systems  it  is  likely  to  be 
a  multiple  PLS  (MPLS)  system  with  up  to  six  two-sub¬ 


strate  PLS  modules  (i.e.,  up  to  a  twelve  substrate  load) 
stacked  behind  each  other.  The  depth  of  the  chamber 
for  a  twelve  substrate  system  would  be  approximately 
40  cm;  only  the  small  dimension  of  the  system  increases 
as  the  batch  size  increases.  The  substrates  (up  to  twelve 
substrates  stacked  behind  each  other)  are  loaded  and 
unloaded  each  in  a  single  operation  through  a  mini¬ 
mum-size  gate-valve-type  loading  door  using  a  robot  or 
a  dedicated  autoloader,  the  loading  being  carried  out  in 
position  |4 1  in  fig.  3  with  the  vertical  scan  in  the  upper 
position. 


8.  Summary 

The  phased  linear  scanner  is  the  ideal  end  station  for 
large-substrate  ion  implantation.  It  is  easily  retrofitted 
to  existing  medium-  or  high-current  ion  implan'ers  and 
its  small  footprint  generally  results  in  a  reduction  in  the 
size  of  the  total  system.  The  manual-load  PLS  is  ideal 
for  R  &  D  and  pilot-production  requirements,  and  the 
autoload  MPLS  for  production  facilities. 
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A  manipulator  incorporating  a  number  of  novel  features  has  been  built  for  a  research  ion  implanter.  The  system  is  designed  to 
enable  uniform  dose  implantation  of  both  planar  and  nonplanar  surfaces  by  incorporating  one  translational  and  two  rotational 
degrees  of  freedom.  Negative  target  bias  of  up  to  50  kV  may  be  applied  to  the  target,  thus  increasing  the  ion  energy  by  this  amount. 
The  target  chamber  and  all  external  mampulator  controls  are  grounded.  With  the  exception  of  the  high  voltage  power  supply,  cable 
and  feedthrough,  all  high  voltage  components  are  within  the  vacuum  system.  A  secondary  electron  suppression  cage  which  can  be 
held  at  a  negative  bias  of  up  to  60  kV  relative  to  the  chamber  (i.e.  10  kV  relative  to  the  manipulator)  surrounds  the  mampulator 
Performance  has  been  evaluated  using  '*N  ions  and  nuclear  reaction  analysis  through  '^N(p,a)'^C  to  profile  ion  concentrations  for 
dose  uniformity  and  for  ion  depth  at  elevated  target  potentials. 


1.  Introduction 

One  of  the  more  significant  practical  uses  of  ton 
implantation  is  in  reducing  wear  between  surfaces. 
Typically  these  may  be  tool  bits,  dies  or  bearing  surfaces 
and  are  frequently  nonplanar  in  shape  with  cylindncal, 
conical  or  spherical  surfaces.  In  order  to  implant  the 
surface  with  a  uniform  dose  over  its  entire  area,  it  is 
necessary  to  move  the  sample  in  the  ion  beam  so  that  all 
parts  of  it  are  exposed  into  the  beam  uniformly.  Con¬ 
ventional  ion  implantation  is  a  line-of-sight  process.  To 
produce  a  uniform  implant  on  a  planar  sample  requires 
either  electrostatic  scanning  of  the  beam,  mechanical 
scanning  of  the  sample  or  a  combination  of  both.  More 
complex  nonplanar  surfaces  require  both  rotation  and 
translation. 

The  thickness  of  the  modified  layer  produced  in  ion 
implantation  for  a  given  substrate  and  ion  species  is 
dependent  on  ion  energy.  Typically  for  50  keV  nitrogen 
ions  implanted  in  steel,  this  layer  extends  from  the 
surface  to  a  depth  of  about  70  nm.  'though  improved 
wear  resistance  may  be  obtained  under  these  conditions, 
breakthrough  of  the  layer  is  catastrophic.  Therefore  it  is 
desirable  to  produce  a  thicker  modified  layer  by  im¬ 
planting  at  higher  ion  energy.  It  may  be  necessary  to 
implant  at  more  than  one  energy  to  create  a  thicker 
treated  layer  which  begins  at  the  surface.  This  is  not 
usually  the  case  for  an  implant  energy  <  200  keV. 

Our  implanter  is  a  50  kV  unit  with  a  single  stage  of 
acceleration  from  the  ion  source.  In  general  the  energy 
range  of  an  implanter  may  be  extended  in  various  ways 
such  as: 

(i)  Acceleration  after  initial  extraction,  but  before  the 
analyser  magnet. 


(li)  Analyser  magnet  at  elevated  potential  and  subse¬ 
quent  acceleration. 

(lii)  Target  at  negative  potential. 

Each  of  these  has  advantages  and  disadvantages. 
Acceleration  prior  to  the  analyser  magnet  means  that 
the  magnet  must  handle  the  higher  energy  and  is  con¬ 
siderably  larger  and  more  expensive.  Acceleration  after 
the  analyser  magnet  requires  the  magnet  and  its  power 
supplies  to  be  at  high  potential  and  creates  problems 
with  insulation  and  the  vacuum  system  -  the  ion  source 
is  at  a  potential  of  50  kV  with  respect  to  the  magnet  and 
up  to  100  kV  with  respect  to  ground.  If  the  target 
chamber  is  raised  to  negative  potential,  it  requires  large 
insulators  with  clearances  in  the  range  75-100  mm, 
insulation  of  the  pumping  system  and  a  safety  cage 
surrounding  the  high  voltage  components.  There  are 
also  difficulties  in  monitoring  beam  current  and  sample 
temperature. 

The  technique  of  obtaining  additional  energy  by 
negative  target  bias  is  well  established  [1,2],  but  the, 
approach  has  been  to  raise  the  whole  target  chamber  to 
high  voltage.  We  have  used  an  alternative  approach  by 
raising  only  the  target  and  its  holder  to  the  elevated 
potential  with  the  chamber  and  vacuum  system  remain¬ 
ing  at  ground  potential.  A  high  voltage  vacuum 
feedthrough  is  used  to  bias  the  target  Becau.se  of  the 
high  dielectric  strength  of  the  vacuum,  insulation  gaps 
of  15  to  20  mm  are  adequate  within  the  vacuum  cham¬ 
ber  and  the  whole  system  is  very  much  simplified. 

An  advantage  of  the  target  bias  approach  over  the 
pre-analyser  magnet  acceleration  is  that  the  high  voltage 
power  supply  needs  only  to  provide  a  current  ap¬ 
propriate  to  that  on  the  target  (in  this  case  typically  100 
H  A)  and  hence  is  more  compact  and  less  power  consum- 
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ing  than  a  supply  which  would  have  to  handle  the  entire 
current  output  of  the  ion  source  (2  mA  or  more). 


2.  Manipulator 

The  manipulator  (shown  schematically  in  fig.  1  and 
as  a  photograph  in  fig.  2)  is  designed  to  hold  a  sample 
up  to  50  mm  diameter  and  to  provide  unlimited  rota¬ 
tion  about  one  of  its  axes.  This  axis  can  be  aligned 
parallel  to  the  ion  beam  or  tilted  in  a  controllable 
manner  up  to  150°  from  this  direction.  The  whole 
asssembly  can  be  translated  in  a  direction  normal  to  the 
ion  beam  by  up  to  100  mm  to  allow  implantation  of 
objects  up  to  this  length  and/or  introduction  of  beam 
monitoring  devices  for  diagnostics  and  integration. 
Three  UHV  rotary  feedthroughs  are  mounted  on  a  20 
cm  OD  flange.  Through  a  system  of  reduction  gears, 
these  control  the  translation  and  rotations.  The 
feedthroughs  are  driven  by  stepping  motors  controlled 
from  an  IBM  PC  XT  type  computer  using  a  program 
wriuen  in-hcase. 

The  translational  movement  allows  the  sample  to  be 
moved  out  of  the  beam  and  the  introduction  of  a  beam 
monitoring  unit  in  the  form  of  a  graphite  block  with  a 
vertical  slot  20  mm  X  0.8  mm  and  a  45  °  diagonal  slot 
45  mm  long.  With  the  block  set  at  the  appropriate 
position,  the  beam  can  pass  through  the  vertical  slot  to 
a  Faraday  cup  mounted  behind  the  manipulator.  This  is 
used  to  monitor  the  horizontal  distribution  of  the  beam 
and  to  integrate  the  total  current.  As  the  diagonal  slot  is 
moved  through  the  beam,  the  Faraday  cup  samples  the 
beam  current  as  a  function  of  time.  This  gives  a  mea¬ 
sure  of  beam  distribution  in  the  vertical  direction. 


The  computer  program  is  written  to  allow  a  pre¬ 
scribed  number  of  revolutions  at  a  given  sample  tilt, 
then  to  move  the  sample  out  of  the  beam  and  check  the 
beam  current  and  uniformity.  If  the  latter  are  within 
predetermined  limits,  the  sample  is  moved  back  into 
place  and  the  implant  continues.  Alternatively  the  beam 
current  conditions  or  the  implant  time  are  adjusted  to 
attain  the  prescribed  dose. 


3.  High  voltage  system 

Mechanical  connections  from  the  UHV  rotary 
feedthroughs  are  through  insulated  gear  wheels  and 
drive  connectors,  all  capable  of  withstanding  at  least  60 
kV  in  vacuum.  The  carrier  mechanism  is  supported  by 
teflon  insulators.  These  are  seen  in  fig.  2. 

With  a  negatively  biased  target,  a  significant  number 
of  secondary  electrons  are  emitted  when  the  beam  hits 
the  target  and  these  flow  away  from  the  target  to 
ground.  This  causes  errors  in  beam  current  integration 
and  an  unnecessary  large  current  drain.  To  overcome 
this  problem,  the  sample  holder  is  surrounded  by  a 
screen  cage  mounted  inside  the  chamber  and  supported 
by  20  mm  long  ribbed  teflon  high  voltage  insulators.  A 
second  high  voltage  power  supply  and  high  vacuum 
feed  through  insulator  are  used  to  maintain  the  cage  at 
a  negative  potential  of  several  thousand  volts  relative  to 
the  target.  Secondary  electrons  emitted  from  the  target 
are  repelled  by  this  negative  potential  and  are  trapped 
within  the  ca;  e.  The  power  supply  for  this  screen  is 
capable  of  60  kV,  to  enable  the  full  50  kV  bias  to  be 
applied  and  at  the  same  time  to  provide  adequate 
suppression  of  the  secondary  electrons. 


Fig.  1.  Schematic  layout  of  the  manipulator  showing  rotational  and  translational  movements  and  insulators 
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The  screen  has  shaped  entry  and  exit  ports  for  the 
beam  and  target  manipulator.  When  the  sample  holder 
is  moved  at  right  angles  to  the  beam  so  that  its  vertical 
slot  is  aligned  with  the  beam  entry  and  exit  ports,  the 
beam  passes  through  to  a  grounded  Faraday  cup,  for 
monitoring.  This  overcomes  the  problem  encountered 
with  previous  target  bias  systems  [1,2]  where  beam 
monitoring  is  not  practical.  Fig.  3  is  a  photograph  of  the 
screen  and  fig.  4  is  a  schematic  of  all  voltages  from  ion 
source  through  to  Faraday  cup. 

It  is  desirable  to  maintain  high  vacuum  within  the 
chamber  to  give  maximum  insulation.  Typical  pressure 
without  beam  is  <  100  (iPa.  This  rises  to  1  mPa  with 
beam  on.  The  high  voltage  is  interlocked  mechanically 
and  electrically  and  also  with  the  vacuum  system  to 
prevent  breakdown  or  contact  with  high  voltage  when 
loading  or  unloading  samples. 


4.  Performance 

4.1.  Manipulator 

Manipulator  operation  was  first  lested  without  target 
bias.  A  number  of  spherical  samples  were  implanted 


wrth  doses  of  order  5  x  10'^  nitrogen  ions  cm"’.  Each 
sample  was  held  on  a  stem  (nominal  south  pole)  and 
implanted  from  the  north  pole  to  45°  south.  During 
implanting  the  sample  was  continuously  rotated  about 
its  axis  at  two  revolutions  per  nunute.  The  beam  size 
was  25  mm  high  and  3  mm  wide.  Vertical  height  of  the 
beam  is  controlled  by  electrostatic  scanning  and  can  be 
varied  from  10  to  30  mm.  The  surface  area  presented  to 
the  beam  varies  with  latitude,  being  greatest  at  the 
equatorial  region  and  least  at  the  pole.  The  times  at 
which  changes  in  tilt  angle  were  made  were  adjusted  to 
allow  for  this  and  hence  provide  reasonably  uniform 
dose  per  unit  area.  When  the  polar  region  is  being 
implanted,  any  misalignment  of  tbo  beam  relative  to  the 
pole  could  result  in  the  polar  region  receiving  no  dose  at 
all.  To  overcome  this,  the  sample  is  translated  back  and 
forth  by  several  mm  during  implantation  of  this  region. 

Dose  uniformity  was  measured  by  placing  a  5  mm 
wide  stainless  steel  strip  around  a  ball,  passing  from 
south  through  the  north  pole  and  back  to  south  again. 
After  implanting  the  whole  assembly  with  '*N  ions,  the 
strip  was  removed  and  the  nitrogen  dose  measured  at 
nine  places  along  the  stnp  using  nuclear  reaction  analy¬ 
sis  -.’th  the  reaction  ’'N(p.o()'-C  employing  1.0  Mes^ 
protons  from  a  Van  de  Graaff  accelerator.  The  4.3  MeV 


Fig.  2.  Manipulator. 
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Fig.  3.  Electron  suppression  cage. 


Fig.  4.  Schematic  of  voltage  levels  from  ion  source  to  Faraday  cup 
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a-particles  are  readily  distinguished  above  background. 
It  IS  preferable  to  use  '^N  rather  than  '"’N  because  the 
cross  section  for  profiling  '^N  using  this  reaction  is 
thirty  times  greater  than  tit?  cross  section  for 
'‘’N{d,a)'^C  which  is  the  reaction  used  to  profile  ''^N. 
The  measurements  showed  uniformity  of  dose  was 
within  25%,  Better  dose  uniformity  can  be  obtained  by 
improving  beam  position  and  reducing  beam  height. 

The  manipulator  can  accommodate  a  variety  of  sam¬ 
ple  shapes  and  sizes.  For  example  five  planar  samples 
can  be  mounted  on  a  cube  shaped  holder.  The  first 
sample  is  implanted  using  a  vertical  electrostatic  scanner 
and  horizontal  movement  to  provide  uniform  dose  over 
Its  area  and  then  a  90°  rotation  is  used  to  align  the 
second,  third  and  fourth  samples.  A  90°  tilt  aligns  the 
fifth  face.  Complex  shapes  are  implanted  using  an  ap¬ 
propriate  combination  of  the  translation,  tilt  and  rota¬ 
tional  movements. 


Fig.  5  Depth  profiles  of  ’’N  implants  in  glassy  carbon  at  50 
and  97  keV 


4.2  Target  bias 

Measurements  have  been  made  with  47  kV  target 
bias  and  a  screen  bias  of  55  kV.  With  bias  applied, 
current  on  the  sample  cannot  be  read  directly.  There¬ 
fore  It  IS  necessary  to  periodically  translate  the  sample 
honzontally  until  the  beam  monitoring  slot  is  aligned 
with  the  beam.  The  beam  then  passes  through  this  slot 
and  the  exit  port  of  the  supression  screen  to  the  Fara¬ 
day  cup  at  the  back  of  the  chamber  where  it  can  be 
monitored 

Performance  was  evaluated  by  implanting  glassy 
carbon  samples  with  '^N  ions  a!  50  keV  energy  (no 
bias),  then  with  47  kV  bias  giving  a  beam  energy  of  97 
kcV.  The  expected  ranges  of  50  and  97  keV  '^N  ions  in 
glas.sy  carbon  as  calculated  using  TRIM-89  are  respec¬ 
tively  129  and  247  nm.  Nuclear  reaction  anaWsis  was 
then  used  to  obtain  the  depth  distnbution  of  the  im¬ 
planted  ions  in  each  case  Fig  5  shows  the  relevant 
parts  of  the  a-particle  spectra  obtained  from  the  reac¬ 
tion  ''N(p,oi)'^C  using  1  0  MeV  protons  and  the  depth 
profiles  derived  from  it.  For  the  97  keV  situation,  the 


lower  a-particle  energy  corresponds  to  the  increased 
range  of  these  ions.  The  observed  depths  of  112  ±  15 
and  228  ±  20  nm  agree  well  with  the  calculated  ranges 


5.  Conclusion 

For  research  areas  where  a  variety  of  different  shapes 
may  need  to  be  implanted,  this  design  offers  consider-- 
able  flexibility  for  samples  to  be  implanted  with  a 
uniform  dose.  At  the  same  time,  a  novel  approach  to 
negative  target  bias  enables  implant  energy  (and  hence 
thickness  of  modified  layer)  to  be  increased  without 
expensive  hardware  additions. 
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The  design  of  lon-beam  transport  systems  based  on  computer  modelling  is  discussed  and  some  typical  examples  are  presented 
Integrated  modelling  work  involves  beam  envelope  programs  to  design  overall  systems,  Poisson  or  Laplace  .solutions  to  calculate 
electric  and  magnetic  fields  m  the  system,  ray-trace  programs  to  see  the  collective  movement  of  charged  particles,  plasma  solutions 
for  the  consideration  of  the  target  environment  and  plasma-simulation  programs  to  predict  possible  microscopic  interactions  between 
charged  species  and  the  fields  Experimental  checks  to  assure  the  performance  of  the  beam-line  components  are  also  given  and 
explained  These  are  used  as  a  means  of  making  more  accurate  predictions  in  the  future. 


1.  Introduction 

Ion-beam  transport  systems  and  beam-optics  calcu¬ 
lations  have  been  developed  largely  in  nuclear  physics 
and  other  related  fields  [1],  As  semiconductor  device 
structures  increase  in  complexity,  tight  control  of  the 
lon-beam  conditions  becomes  more  important  in  ion 
implantation  doping  processes  (2J  The  main  concerns 
are  the  beam  current  extracted  and  transferred  at  a 
certain  energy  through  the  system,  beam  divergence, 
mass  resolution  and  the  beam-plasma  conditions  in  the 


target  region.  Fig.  1  shows  which  design  tools  are  used 
for  which  parts  of  the  beam  line,  and  the  physics  to  be 
considered  [3-5], 

It  IS  always  important  to  ensure  that  the  modelling 
can  closely  fo'low  the  real  situation  so  that  design  work 
based  on  these  predictions  is  sufficiently  reliable.  Asso¬ 
ciated  experiments  should  be  performed  to  check  the 
agreement  with  the  theoretical  models.  The  results  help 
determine  the  conditions  under  which  the  programs  are 
valid  and  can  suggest  further  improvements  in  calcula¬ 
tion. 


Fig.  1  System  overview  System  devices,  computer  design  tools  and  the  physics  involved  in  the  modelling  are  shown 
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2.  Overall  system  design 

For  an  ion  implantation  beam  line,  as  with  any 
ion-beam  system,  the  whole  system  should  first  be  de¬ 
signed  to  a  first-order  approximation  according  to  the 
desired  specification.  The  main  concerns  at  this  stage 
are;  (1)  energy  range,  (2)  beam  current  with  species  and 
associated  energy  range,  (3)  beam  dimensions  and  di¬ 
vergence,  (4)  mass  resolution  and  (5)  overall  system 
dimensions  and  interface  to  other  systems. 

There  are  some  physical  limits  which  might  not 
allow  a  theoretical  model  to  be  realised,  such  as  the 
minimum  gap  between  acceleration  electrodes.  These 
constraints  can  give  a  certain  conflict  with  the  ideal 
design  and  the  best  possible  solution  should  be  sought 
by  considering  other  changeable  parameters  of  the  re¬ 
lated  devices.  A  design  tool  used  for  this  purpose  is  an 
interactive  3D  first-order  beam-envelope  program  based 
on  the  transfer-matrix  method  [6]  called  OPTICIAN  [7], 
which  calculates  the  coordinates  of  the  beam  envelope 
through  the  system. 

Beam  coordinates  are  composed  of  spatial  coordi¬ 
nates  A  and  y  (having  z  coincide  with  the  central  ray), 
divergence,  path-length  spread  and  momentum  spread. 
The  first-order  FWHM  mass-resolving  power  can  be 
derived  from  the  dispersion  element  of  the  transfer 
matrix  Fig.  2  shows  a  hypothetical  ion-implanter  beam 
line  which  can  bend  a  60  keV  As^  beam  through  90° 
and  accelerate  it  to  90  keV  onto  the  target.  The  tightly 
controlled  point-to-point  focus  between  the  entrance 
and  the  end  of  the  drift  element  5  can  be  seen. 

One  of  the  additional  features  implemented  into 
OPTICIAN  IS  that  space-charge  effects  including  neu¬ 
tralisation  are  considered  [8].  These  give  rise  to  radial 
electric  fields.  The  potential  difference  between  the  beam 
centre  and  the  plasma  sheath  is  assumed  to  be  J]./2  (T. 

IS  the  electron  temperature)  based  on  stable  plasma- 
.sheath  formation  [9],  and  the  resultant  electric  field  can 
cause  positive  ions  to  drift  outward.  No  space-charge 

1.2,3  4  5 


neutralisation  is  assumed  in  accelerator  tubes,  so  de¬ 
focussing  can  be  strong. 

The  validity  of  first-order  calculations  is  limited,  and 
second-order  aberrations  may  cause  large  errors,  for 
example  in  the  determination  of  mass  resolution.  The 
differences  which  appear  in  second  order  should  be 
minimised  to  achieve  performance  close  to  the  first 
order  (see  section  4). 


3.  Ion-source  and  extraction  system 

The  ion  source  and  its  extraction-system  require¬ 
ments  need  to  be  specified  as  follows:  (1)  extraction 
energy  range,  (2)  beam  current  and  density  range.  (3) 
ion  species,  (4)  beam  dimensions  and  divergence  and  (5) 
optics  control  over  the  operation  range. 

There  are  many  important  parameters  which  affect 
the  performance  of  this  system,  such  as  ion  mass,  elec¬ 
tron  temperature,  ion  density  in  the  source  chamber, 
electrode  geometry  and  space  charge.  The  maximum 
current  extracted  through  the  system,  for  example,  is 
limited  by  several  relations  shown  below  [10].  The  num¬ 
ber  of  ions  leaving  the  plasma  cannot  exceed  the  value 
determined  by  the  product  of  the  Bohm  velocity  and  the 
ion  density  given  by 

=  (1) 

where  J^,  is  the  current  density  at  the  plasma  sheath,  Cp 
a  constant,  n,  the  ion  density  at  the  plasma  .sheath, 
the  electron  temperature  and  m,  the  mass  of  the  ion. 
The  beam  curreni  extracted  through  the  electrodes  is 
also  limited  by  the  spate-charge  effect,  expressed  by 

A  =  (2) 

where  /,  is  the  current  density  at  extraction,  d  the 
extraction  sheath  distance,  i\  a  constant.  V  the  extrac¬ 
tion  voltage  and  /,  the  space-charge  neutralisation  fac¬ 
tor  For  systems  in  which  the  extraction  energy  is  high 
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Fig  2  Ion-beam  transport  system  of  a  300  mm  radius  90°  bending  magnet,  with  60  keV  extraction  and  30  keV  post-acceleration 
using  an  As  *  beam,  modelled  by  the  3D  first-order  beam  envelope  program  OPTICIAN  [7].  (1)  Source,  (2)  lens.  (3)  drift,  (4)  magnet, 

(5, 6)  drift,  (7-9)  accelerator  and  (10)  drift. 
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Fig.  3  Ion-source  and  extraction  system  composed  of  source  chamber,  suppression  electrode  and  ground  electrode,  modelled  by  the 
2D  ray-trace  program  SORCERY  [7]  The  potential  is  20  kV  at  the  .source  front  plate  (left),  -5  kV  at  the  suppression  electrode 
(middle),  0  V  at  the  ground  electrode  (nght),  and  the  ion  species  is  Ar 


( >  10  keV),  the  beam  divergence  is  usually  dominated 
by  the  optical  properties  of  the  extraction  system  [11), 
rather  than  the  thermal  motion  of  the  ions  which  causes 
momentum  spread. 

The  mam  tool  used  to  design  the  extraction  region  is 
a  2D  ray-trace  program  called  SORCERY  (7),  The 
program  traces  particle  trajectories  solving  Poisson’s 
equation  by  the  finite-element  method,  assuming  a 
Boltzmann  distribution  of  electrons  inside  the  plasma. 
Each  particle  trajectory  is  integrated  using  the  Runge- 
Kutta  method.  The  plasma  boundary  adopts  a  shape 
satisfying  eq.  (2).  The  performance  of  any  ray-trace 
programs  should  be  equivalent  regardless  of  the  dif¬ 
ferences  m  trajectory  integration  as  long  as  the  calcula¬ 
tion  of  the  field  is  sufficiently  accurate  [12]. 

2D  raytrace  programs  are  extremely  useful  to  display 
the  electrostatic  lens  formation  around  the  beam  extrac¬ 
tion  area.  As  can  be  seen  in  fig.  3  (double-electrode 
extraction  system;  one  to  suppress  the  electron  back- 
streaming,  and  another  to  define  the  final  energy),  the 
electric  field  along  the  plasma  sheath  converges  the  ions 
toward  the  axis,  then  the  beam  passes  through  a  diver¬ 
gent  lens  formed  around  the  extraction  electrodes.  The 
combination  of  these  two  lenses  determines  the  beam 
formation 


4.  Mass  analyser 

The  first-order  design  of  the  mass  analyser  is  as¬ 
sumed  to  have  been  done  in  the  overall  system  design 


explained  in  section  2,  which  would  give  the  first-order 
paiameters  such  as  bending  radius,  bending  angle,  mag¬ 
netic  field  strength,  field  index,  pole  face  angles  and 
positions  of  the  foci. 

A  3D  second-order  beam-envelope  program  called 
TRANSPORT  from  SLAC  [13]  is  then  used  to  check 
the  first-order  design  and  to  perform  second-order  opti¬ 
misation.  The  method  of  second-order  calculation  is 
al.so  based  on  transfer  matrices  which  now  contain 
second-order  terms  The  results  are  affected  by  such 
variables  as  the  quadratic  field  coefficient  £  and  the 
entrance  and  exit  pole-face  curvatures.  Beam  growth 
caused  by  the  magnet  aberration  is  minimised  by  chang¬ 
ing  the  second-order  variables.  If  these  parameters  are 
not  considered,  the  aberration  tends  to  give  a  crescent 
shape  to  the  output  of  a  ribbon  beam 

The  effects  of  the  fringing  field  are  taken  into  account 
in  terms  of  field  integrals  /j  and  [14]  which  give 
corrections  to  the  central  ray  displacement  and  the  focal 
power  in  the  non-dispersion  plane,  respectively.  These 
are  zeroth-  and  first-order  constraints,  but  require  accu¬ 
rate  calculations  to  determine  the  entrance  and  exit  pole 
geometry. 

The  actual  pole  shape  can  be  designed  by  solving  the 
Laplace  equations  assuming  the  magnetic  scalar  poten¬ 
tial  is  valid  between  the  poles.  2D  ray-trace  programs 
can  be  used  as  a  Laplace  solver.  The  pole  radial  cross 
section  determines  the  value  of  £  and  the  entrance  and 
exit  pole  shapes  determine  /j  and  i2- 

Fig.  4  shows  the  equipotential  plot  in  the  plane  of 
the  magnet  pole  cross  section.  The  field  near  the  edge  of 
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Fig.  4  Equipotential  plot  in  the  plane  of  the  magnet  pole  cross 
section,  obtained  as  a  2D  Laplace  solution  using  SORCERY 


the  pole  decreases  as  the  gap  between  potential  lines 
increases.  The  field  profile  along  the  beam  axis  showing 
the  effect  of  the  fringing  field  is  plotted  in  the  left  half 
of  fig.  5.  Similarly  the  effect  of  t  on  the  radial  profile  is 
shown  in  the  right  half  of  fig  5. 


5.  Accel“«tion  tubes 

To  design  acceleration  (or  deceleration)  systems,  en¬ 
ergy  range,  beam  dimensions  and  optics  control,  balanc¬ 


ing  focal  power  against  space  charge,  should  be  consid¬ 
ered.  The  field  inside  the  acceleration  tubes  forms  a 
convergent  lens  and  the  effect  is  increased  as  the  accel¬ 
eration  energy  is  increased.  If  the  energy  is  high,  the 
bccini  can  be  fccussed  to  a  very  small  size,  making  the 
beam  current  density  high,  which  may  aggravate  prob¬ 
lems  such  as  charging  up  on  the  semiconductor  wafers 
[15].  If,  on  the  other  hand,  the  energy  is  low,  space- 
charge  blow-up  would  play  a  more  dominant  role,  mak¬ 
ing  the  optics  control  very  difficult.  2D  ray-trace  pro¬ 
grams  are  again  effectively  used  for  this  design.  The 
field  lens  formation  is  easily  seen  from  the  equipotential 
lines.  OPTICIAN  can  also  be  used  to  see  the  macro¬ 
scopic  character  since  it  approximates  the  space-charge 
effect  in  the  acceleration  tube. 


6.  Target  environment  (wafer  chamber) 

The  requirements  of  each  beam  transport  system 
strongly  depend  on  the  actual  processes  in  the  target 
chamber  and  its  environment.  The  process-related  prob¬ 
lems,  such  as  “wafer  charging”  mentioned  in  the  previ¬ 
ous  section,  are  getting  more  and  more  subtle  as  com¬ 
plex  submicron  structures  are  developed  with  increasing 
sensitivity  to  the  environment.  In  the  target  chamber 
the  ion  beam  will  collide  with  neutral  gas,  creating  ions 
which  then  form  a  beam-plasma  together  with  the 


Fig.  5.  Magnetic  field  profile  in  the  median  plane.  The  left-hand  side  shows  the  field  along  the  beam  axis  The  extended  fringing  field 
IS  clearly  seen  in  the  region  outside  the  pole.  The  nght-hand  side  shows  the  field  along  the  radial  direction.  The  field  is  maximum  at 

the  centre  and  decreases  outward,  as  can  be  seen  in  fig.  4. 
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Fig.  6  (a)  Radial  distnbution  of  the  beam  plasma  at  1  X 10  Torr  assuming  a  4  eV  electron  temperature,  modelled  by  a  ID  plasma 
solution  [16].  The  density  of  each  species  and  the  potential  are  expressed  in  terms  of  the  number  per  cubic  metre  and  volts, 
respectively.  A  well-defined  plasma  around  the  ion  beam  with  a  small  Debye  length  is  seen,  (b)  Radial  distribution  of  the  beam 
plasma  at  1  x  10'  ^  Torr  at  the  same  electron  temperature  of  4  eV.  The  field  penetration  is  much  greater  than  that  in  (a),  reflecting  the 
fact  that  the  Debye  length  is  now  large  due  to  the  decrease  m  plasma  density  Further  data  are:  20  keV  beam  energy,  20  mm  nominal 

beam  radius  and  30  mm  wall  radius. 
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trapped  electrons  inside  its  potential  well  [8,16].  All  of 
these  processes  need  to  be  understood. 

In  terms  of  the  computer  modelling,  some  simulation 
programs  have  been  intensively  developed  by  plasma 
physicists  in  recent  years  [17,18].  AID  plasma  solution 
[16]  is  one  of  the  tools  used  to  see  the  radial  distribution 
of  each  particle  species  and  the  potential,  electric  field 
and  particle  flux  in  the  beam-plasma  in  the  steady  state 
This  program  solves  Poisson’s  equation  with  the  con- 
tinfiity  equation  based  on  the  finite  difference  method. 
Ionisation  and  charge-exchange  collisions  are  taken  into 
account,  md  up  to  two  Maxwellian  distributions  of 
electron  species  can  be  calculated  at  different  tempera¬ 
tures.  A  well-collimated  cylindrical  beam  is  assumed 
and  cold  ion  species  created  from  neutrals  dnft  along 
the  field.  Figs.  6a  and  b  are  examples  of  the  results.  The 
former  presents  the  well-defined  plasma  around  the 
beam  with  a  small  Debye  length  at  a  pressure  of  10““* 
Torr,  and  the  latter  shows  the  relatively  large  field 
penetration  across  the  system  at  the  lower  pressure  of 
10'*  Torr. 

A  real-time  simulation  is  the  ID  plasma  simulation 
program  called  the  PDXl  senes,  developed  by  the 
Plasma  Theory  and  Simulation  Group  at  the  University 
of  California  at  Berkeley  [19].  This  program  solves 
Poisson’s  equation  together  with  the  external  circuit 
connected  to  the  system  boundary  based  on  the  particle 
in  cell  method,  and  advances  particles  in  real  time  by 
applying  the  Lorentz  force.  Particle  collisions  resulting 
in  excitation,  charge  exchange  and  ionisation  are  also 
implemented  by  the  Monte  Carlo  method.  By  using  this 
program,  the  effects  of  a  potential  applied  in  a  short 
time  ( ~  1  (is)  on  one  side  of  the  electrodes,  for  instance, 
can  be  evaluated  effectively. 

7.  Experimental  checks 

The  mam  purposes  of  experimental  checks  are  (1)  to 
check  whether  the  performance  of  devices  is  clo.se 
enough  to  that  predicted  by  the  model,  and  (2)  derive 
any  possible  suggestions  which  can  be  implemented  into 
the  modelling  procedure  for  future  improvement.  For 
example: 

(1)  Beam  profile.  Beams  are  basically  better  if  symmet¬ 
ric  and  uniformly  distnbuted  along  the  axes  in  the 
plane  of  the  cross  section.  Some  commercial  beam 
profilers  are  available  to  measure  the  distribution. 

(2)  Focal  point.  The  focal  point  must  be  well  defined  to 
ensure  high  resolution.  It  can  be  found  by  making  a 
beam  bum  on  a  tantalum  plate  placed  in  the  beam 
at  a  shallow  angle,  or  by  viewing  directly  through  a 
window  near  the  focus. 


(3)  Langmuir  probe.  Electron  temperature  and  plasma 
densities  are  important  parameters  in  understand¬ 
ing  the  plasma  character  around  the  beam  Lang- 
muir-probe  techniques  are  widely  used  to  obtain 
these  values  [20], 

8.  Conclusion 

Ion  beam  transport  systems  can  be  modelled  accu¬ 
rately  by  computer  if  the  physics  involved  in  each 
component  is  properly  considered.  This  gives  great  ad¬ 
vantages  in  speeding  up  development,  reducing  costs 
and  understanding  the  system  performance 
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The  role  of  MeV  implantation  in  producing  thick  amorphous  Si  layers  has  been  central  in  elucidating  several  of  its  properties  The 
recent  use  of  MeV  Si  beams  to  produce  very  pure  layers  will  be  reviewed  The  kinetics  of  solid-phase  epitany  have  been  measured  for 
amorphous  Si  layers  up  to  5  (im  thick  and  the  activation  energy  found  to  be  2.70  +  0  02  eV  Calorimetry  measurements  of  such  thick 
layers  show  an  interfacial  heat  release  due  to  crystallization  of  13  4  ±0.7  kJ/mol  and  a  homi  geneous  heat  release  of  5  1  ±  1  2  kJ/mol 
This  homogeneous  heat  release,  associated  with  relaxation,  is  due  to  the  annihilation  of  defects  in  the  amorphous  sta'cture  These 
defects  have  been  .studied  by  lon-bombarding  51X)°C  annealed  amorphous  and  sipgle-ctystal  Si  The  formation  and  annihilation 
properties  of  the  defects  .  i  these  two  states  are  mtriguingly  similar  Defects  saturate  in  previously  annealed  a-Si  at  ion  doses  -  0  02 
dpa  The  presence  of  the  defects  is  also  manifested  in  measurements  of  the  density  of  amorphous  Si  which  is  (1  8±0  1)%  less  dense 
lha.i  the  crystal.  The  diffusion  and  solubilty  of  Cu.  Zn,  Pd.  Ag,  Pt  and  Au  have  been  measured  in  amorphous  Si  and  found  to  be  very 
sensitive  to  defect  population  The  various  experiments  show  that  the  intrinsic  defect  level  m  amorphous  Si  is  1-2  at  % 


1..  Introduction 

Understanding  the  structure  and  properties  of  amor¬ 
phous  (a)-Si  is  a  scientific  challenge  of  some  complexity 
[1].  Much  progress  has  been  made  in  the  study  of 
hydrogenated  a-Si  because  of  its  technological  impor¬ 
tance.  The  study  of  a-Si  formed  by  ton  implantation  has 
historically  had  very  different  driving  forces.  Intere.st 
has  focussed  on  recrystallization  phenomena  because  of 
the  need  to  remove  all  damage  and  incorporate  dopants 
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on  lattice  sites  Important  phenomena  were  discovered 
in  these  studies  such  as  solid-phase  epitaxy  This  review 
will  detail  our  recent  experimental  studies  of  the  forma¬ 
tion  and  properties  of  amorphous  (a)-Si  formed  by  MeV 
implantation.  The  question  should  be  asked  what  spe¬ 
cial  significance  there  is  to  producing  micron  thick 
amorphous  layers  by  MeV  beams  rather  than  the  thinner 
layers,  typically  0.1  pm,  produced  in  the  usual  low-en¬ 
ergy  implantation  machines.  The  answer  lies  in  the  fact 
that  the  extra  dimension  permits  better  measurement  of 
the  following  properties. 

Four  specific  areas  will  be  discussed: 

(a)  kinetics  of  .solid-pha.se  epitaxy  of  5  pm  thick  layers 
where  the  behavior  mimics  that  of  much  thinner 
layers  but  a  novel  ambient  annealing  effect  has 
been  observed, 
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(b)  calorimetry  studies  of  heat  release  of  a-Si  layers 
where  the  relaxation  process  has  been  identified  in 
terms  of  defect  annihilation, 

(c)  density  measurements  of  a-Si  where  the  role  of 
defects  are  investigated,  and  finally 

(d)  diffusion  studies  where  considerable  progress  has 
now  been  made  in  identifying  diffusing  species  in 
a-Si  and  the  role  defects  play  in  the  diffusion  mech¬ 
anisms. 

The  a-Si  layers  described  in  these  experiments  were 
formed  by  ^*Si  implantation  using  the  National  Electro¬ 
statics  Corporation  1 .7  MV  tandem  accelerator  at  AT  & 
T  Bell  Laboratories. 


2.  Kinetics  of  solid-phase  epitaxy 

It  IS  well  e^’ablished  that  a-Si  layers  formed  by  ion 
implantation  into  single-crystal  (c)  substrates  can  be 
crystallized  epitaxially  in  the  solid  phase  [2].  The  kinet¬ 
ics  of  solid-phase  epitaxy  (SPE)  have  been  extensively 
studied  on  amorphous  layers  less  than  500  nm  thick 
using  time-resolved  reflectivity  (TRR)  measurements  [2], 
and  It  has  been  shown  that  SPE  in  these  layers  is 
characterized  by  an  activation  energy  of  2  7  eV.  The 
study  of  SPE  in  much  thicker  layers  has  recently  be¬ 
come  possible  with  the  advent  of  MeV  ion-implantation 
methods  capable  of  producing  high-punty  a-Si  films 
with  thicknesses  exceeding  5  jim.  In  order  to  monitor 
the  location  of  the  c/a  interface  during  SPE  and  to 
accurately  measure  epitaxial  growth  rates  in  these  layers, 
the  TRR  technique  has  been  extended  to  infrared  wave¬ 
lengths  where  a-Si  is  nearly  transparent,  thus  avoiding 
the  thickness  limitation  imposed  by  absorption  m  the 
visible-wavelength  region.  In  this  way  the  SPE  kinetics 
of  very  thick  layers  can  be  monitored  [3]. 

The  a-Si  layers  were  prepared  as  follows.  The  Si 
single-crystal  substrates  were  contacted  to  an  LNi- 
vooled  stage  during  implantation.  Uniform  amorphous 
layers  of  various  thicknesses  were  prepared  by  multiple 
MeV  implants  of  ^*Si  with  overlapping  damage  profiles. 
The  implantation  schedules  used  to  form  layers  of 
several  different  thicknesses  are  given  in  table  1.  SPE 
kinetics  measurements  were  conducted  both  in  vacuum 
(P  <  5  X  10”^  Torr)  and  in  air..  Fig.  1  shows  the  reflec¬ 
tivities  measured  at  \=1.15  gm  and  A  =  0.633  gm 
during  SPE  growth  of  a  4.16  gm  thick  film  heated  to 
625'C  in  vacuum.  The  A  =  1.15  gm  trace  exhibits  uni¬ 
formly  spaced  oscillations  throughout  the  entire  growth 
period,  indicating  that  the  velocity  of  the  c/a  interface 
is  constant  through  the  film.  Additionally,  aside  from 
minor  fluctuations,  the  amplitude  of  oscillations  ob¬ 
served  in  this  in  situ  interferometry  measurement  equals 
the  value  expected  for  an  ideal  film  having  perfectly  flat 
and  parallel  interfaces.  The  excellent  interference  con¬ 
trast  throughout  the  growth  also  implies  that  competing 


Table  1 

Ion  implantation  conditions  used  to  form  thick  a-Si  layers. 
Implants  were  performed  with  the  sample  at  77  K.  Thicknesses 
listed  here  were  determined  from  TRR  data.  From  Roth  et  al 
[31 


a-Si  thickness 
[gm] 

■  Si  energy 
[MeV] 

dose 

[lO^cm'^l 

09 

0.5 

5 

1.4 

1.0 

5 

2.2 

20 

5 

30 

3.5 

6 

il 

5.0 

7 

43 

65 

8 

■*’  A  uniform  amorphous  layer  of  a  particular  thickness  is 
obtained  by  using  all  of  the  implants  up  to  and  including  the 
one  listed  for  that  thickness. 


effects  such  as  nucleation  and  growth  of  polycrystalline 
matenal  or  twin  formation  do  not  occur  The  oscillation 
amplitude  increases  gradually  with  time  during  SPE  due 
to  reduced  attenuation  as  the  a-Si  layer  gets  thinner 
Due  to  the  much  stronger  optical  absorption  in  a-Si  at 
A  =  0.633  gm.  oscillations  in  the  TRR  data  at  this 
wavelength  are  only  evident  during  the  latter  stages  of 
growth.  The  temperature  dependence  of  the  SPE  growth 
rate  for  2  2  gm  thick  a-Si  films  is  given  in  fig.  2.  Fitting 
the  data  to  an  Arrhenius  expression  for  the  SPE  rate 
r  =  /-Q  exp(  -  EykT)  yields  the  value  2  70  ±  0  02  eV  for 
the  activation  energy  £j.  This  is  in  excellent  agreement 
with  the  2.68  ±  0.05  eV  activation  energy  found  earlier 
for  self-ion-implanted  300  nm  films  [2]  and  with  the 
value  2.71  +  0.05  eV  for  a-Si  films  formed  by  evapora-- 
tion  in  ultrahigh  vacuum  [2].  To  test  whether  the  SPE 
rate  in  very  thick  a-Si  layers  is  sensitive  to  the  total 
amount  of  displacement  damage  caused  by  ion  implan- 
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Fig.  1.  Time-resolved  reflectivity  data  at  A  =  1  15  and  A  =  0.633 
gm  for  SPE  growth  of  4.16  gm  thick,  lon-implanted  a-Si  at 
625  °C  in  vacuum.  From  Roth  el  al  [3]. 
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in  the  presence  of  water  vapor  [4]  (Auger  analysis 
showed  that  a  thick  ( ~  5  nm)  native  oxide  forms  on  a-Si 
during  annealing  in  air).  Once  H  is  formed  at  the 
SiOj/a-Si  interface,  it  can  diffuse  rapidly  [5]  into  the 
a-Si  and  attach  to  dangling  bonds  [6],  The  solubility  of 
H  in  c-Si  is  much  lower  than  in  a-Si  due  to  the  absence 
of  defect  sites,  thus  explaining  why  H  is  not  seen  m 
fully  recrystallized  layers. 

The  possibility  that  H  affects  the  SPE  rate  is  very 
intriguing  since  H  is  known  to  passivate  dangling  bonds 
in  both  deposited  [6]  and  ion-implanted  [7]  a-Si  films. 
Several  different  defect-based  models  involving  dan¬ 
gling  bonds  [8],  vacancies  [9]  and  floating  bonds  [10] 
have  been  proposed  for  the  mechanisms  of  SPE  but  no 
experimental  data  have  been  available  to  discriminate 
between  the  different  defects.  An  understanding  of  the 
effect  of  H  on  the  crystallization  process  should  help 
contribute  to  the  development  of  a  microscopic  model 
for  SPE  in  a-Si. 


1/kT„  eV'^ 

Fig  2  Anhenius  plot  showing  the  temperature  dependence  of 
the  SPE  rate  in  a  2.2  (im  thick  a-Si  film  formed  by  MeV 
lon-implantation  The  solid  line  is  a  least-squares  fit  of  the 
data  to  the  expression  r  =  roexp(-  E,/kT)  From  Roth  el  al. 
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tation,  the  rate  was  also  measured  in  samples  implanted 
=•'  doses  more  than  1000  times  above  the  threshold 
required  to  create  an  amorphous  layer.  The  threshold 
do.se  for  forming  a  thin,  buned  amorphous  layer  at  77 
K  using  1  MeV  *Si  irradiation  is  2  X  10'“'  cm~^.  Previ¬ 
ously  amorphized  films  2.2  pm  thick  were  implanted 
with  1  MeV  ‘*Si  ions  at  doses  un  to  2  X  10*^  cm^  in 
order  to  create  an  extra  damage  distribution  peaked 
near  the  middle  of  the  original  amorphous  layer.  The 
SPE  rate  as  a  function  of  interface  position  was  accu¬ 
rately  measured,  and  no  difference  due  to  the  extra 
implant  was  observed.  It  is  interesting  that  the  SPE  rate 
does  not  change  over  this  wide  range  of  implant  condi¬ 
tions,  suggesting  that  the  state  of  a-Si  once  formed  is 
insensitive  to  additional  ion  bombardment. 

The  un'formity  of  the  oscillation  period  in  the  TRR 
data  in  fig.  1  indicates  that  SPE  occurs  at  a  constant 
rate  over  distances  greater  than  4  pm  when  annealing  is 
performed  in  vacuinn.  A  marked  deviation  from  this 
behavior  is  observed,  however,  when  a-Si  specimens  are 
heated  in  normal  room  air.  .At  depths  approximately  1 
pm  from  the  surface  the  regrowth  velocity  is  seen  to 
decrease  by  as  much  as  40%.  This  effect  has  been 
correlated  with  the  presence  of  water  vapor  in  the 
annealing  ambient  and  the  growth  of  a  surface  oxide. 
The  only  impurities  detected  in  the  a-Si  are  hydrogen. 
These  results  indicate  that  atomic  H  is  formed  as  a 
by-product  of  the  oxidation  of  the  a-Si  during  annealing 


3.  Heat  release,  relaxation  and  defects 

Our  original  experiments  [11]  on  the  formation  of 
pm  thick  a-Si  layers  by  MeV  inert  gas  atoms  produced 
enough  material  to  measure  the  heat  of  crystallization. 
A //a,.,,  by  differential  scanning  calorimetry  (DSC).  The 
heat  of  crystalli.’.ation.  12.0  ±  0.7  kJ/mol,  was  used  to 
estimate  from  frce-energy  consideration,  the  melting 
temperature  of  a-S';  a  first-order  phase  transition.  This 
estimate  of  the  reduction,  -  250  °C,  in  melting  temper¬ 
ature  beneath  the  crystal  melting  temperature  was  con¬ 
firmed  by  direct  measurement  [12]  of  the  reduction, 
225  ±  25  K.  Some  questions  remained,  however,  con¬ 
cerning  the  state  of  the  amorphous  phase  and  the  nature 
of  the  amorphous-to-crystal  transition.  The  crystalliza¬ 
tion  velocity  was  determined  from  the  DSC  net  power 
signal.  The  definitive  TRR  [2]  study  of  interface  veloci¬ 
ties  gave  values  of  velocity  that  were  lower  in  magnitude 
and  had  a  higher  activation  energy  than  those  obtained 
from  the  DSC  study  Second,  the  relative  values  of 
for  a-Ge  and  a-Si  were  surprisingly  close:  11.5 
and  12.0  kJ/mol,  respectively.  If  arises  only  from 
relief  of  bond  angle  distortions  of  the  connected  ran¬ 
dom  network,  A//,,,^  should  scale  with  the  force  con¬ 
stants  for  the  distortion,  which  are  15-20%  higher  in  Si 
than  Ge  [11]. 

The  most  obvious  difference  between  the  a-Ge  and 
a  Si  data  was  a  low-tcmpcraturc  heat  release,  clearly 
measured  in  Ge  but  not  seen  in  Si.  This  release  was 
mostly  homogeneous  in  nature,  and  not  primarily  asso¬ 
ciated  with  interface  motion.  For  a-Ge  the  homoge¬ 
neous  heat  release  was  determined  to  be  6  kJ/mol  over 
the  range  400-600  K.  In  the  case  of  a-Si,  where  higher 
temperatures  made  the  base  line  curvature  problems 
more  severe,  the  net  DSC  signal  below  the  crystalliza- 
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tion  peak  varied  between  endothermic  and  exothermic, 
indicating  a  much  smaller  homogeneous  release.  Never¬ 
theless,  annealing-induced  relaxation  effects  on  the 
optical  properties  such  as  the  width  of  the  Raman 
transverse  optical  band  [13]  or  the  infrared  indices  of 
refraction  [14,15]  have  been  observed  in  both  a-Ge  and 
a-Si.  The  situation  has  been  clarified  by  the  recent  DSC 
measurements  of  Roorda  et  al.  [16]  of  a  low-tempera¬ 
ture  heat  release  from  a-Si  formed  by  Ar  and  Si  implan¬ 
tation.  They  measured  a  homogeneous  heat  release  of 

3.7  ±  0.2  kJ/mol  and  an  interfacial  heat  release  = 

11.7  ±  1.0  kJ/mol.  These  important  findings  were  con¬ 
firmed  [17]  by  using  the  2.2  pm  thick  layers  described  in 
the  previous  section. 

Fig.  3  shows  DSC  scans  for  as-implanted  (lower)  and 
samples  that  had  been  preannealed  in  a  furnace  at  S2S, 
670  and  820  K,  respectively.  Two  regimes  are  seen:  at 
high  temperature  crystallization  dominates,  and  over 
the  entire  400  K  lower-temperature  region  a  fairly  uni¬ 
form  release  occurs.  Samples  that  were  preannealed 
show  no  heat  release  below  the  preannealing  tempera¬ 
ture,  similar  to  the  earlier  observations  in  Ge.  Since  no 
motion  of  the  a-c  interface  was  observed  by  RBS  after 
the  525  and  670  K  anneals,  the  low-temperature  signal 
corresponds  to  a  one-time  homogeneous  heal  release  in 
the  bulk  of  the  a-Si,  The  kinetic  parameters  for  crystalli- 


Fig  3.  DSC  signals  with  base  lines  subtracted.  The  lower  signal 
shows  the  as-implanted  sample,  the  other  three  show  samples 
that  had  been  annealed  in  a  furnace  at  525,  67u  and  820  K, 
respectively  The  high-temperature  part  of  the  signal  (crystalli¬ 
zation)  was  fit  i.'  an  exponential  with  an  activation  energy  of 
2.62  eV  and  was  integrated  to  give  an  enthalpy  of  crystalliza¬ 
tion  of  13.4  kJ/mol  From  Donovan  et  al  [17J. 


zation  can  be  determined  directly  from  an  Arrhenius 
plot  for  the  high-temperature  DSC  signal  that  gives 
crystallization  velocity  and  has  an  activation  enthalpy 
of  2.62  eV.  This  is  in  excellent  agreement  with  the  TRR 
measurements.  By  fitting  an  exponential  with  the  ap¬ 
propriate  activation  enthalpy  to  the  data  down  to  the 
base  line  and  integrating  under  this  curve,  the  heat  of 
crystallization,  without  any  contnbution  from  the  ho¬ 
mogeneous  heat  release,  was  determined.  The  average 
value  from  the  measurements  is  13.4  ±  0.5  kJ/mol.  The 
average  value  of  the  remaining  part,  corresponding  to 
the  homogeneous  heat  release,  is  5.1  ±  1.2  kJ/mol.  The 
estimated  error,  taking  into  account  all  possible  sys¬ 
tematic  errors,  is  ~  6%.  This  gives  as  the  new  value  of 
the  heat  of  crystallization  of  a-Si:  =  13.4  ±  0.7 

kJ/mol.  This  is  ~  10%  higher  than  the  earlier  value, 
which  was  obtained  by  drawing  a  base  line  from  the 
crystallized  region  to  the  onset  of  the  peak  and  hence 
was  an  underestimate.  That  the  new  value  of  A/Zj,.  for 
Si  is  higher  than  that  for  Ge  is  in  better  agreement  with 
the  relative  values  of  the  force  constants  for  bond 
bending.  It  also  explains  why  the  earlier  velocity  data 
differed  from  the  TRR  data. 

The  observation  of  the  low-temperature  release  in  a 
scanning  experiment,  such  as  that  of  fig.  3.  depends 
sensitively  on  the  stability  of  the  base  line.  It  was 
therefore  useful  to  perform  isothermal  experiments, 
since  the  ba.se  line  is  always  a  simple  horizontal  line 
(constant).  A  monotonically  decreasing  exothermal  sig¬ 
nal  was  observed  in  all  cases  [17,18].  This  unambigu¬ 
ously  confirms  the  existence  of  a  low-temperature  heat 
release.  The  data  were  fit  with  an  exponential  decay 
with  typical  delay  times  of  100  s.  The  fact  that  the 
low-temperature  heal  release  was  not  observed  in  the 
earlier  expenments  was  probably  due  to  the  inherent 
difficulties  in  background  subtraction;  the  DSC  tech¬ 
nique  was  improved  in  the  later  measurements.. 

The  question  remains  as  to  the  physical  mechanisms 
of  the  low-temperature  release.  In  recent  years  there  has 
been  much  discussion  of  the  physical  changes  observed 
during  annealing  of  a-Si  without  crystallization.  This 
relaxation  process  had  been  interpreted  in  terms  of 
changes  in  average  bond  angle  distortion  [13,14].  Our 
experiments  [18-20]  have  resolved  some  of  these  issues. 
It  was  postulated  that  relaxation  is  primarily  defect 
annealing.  This  postulate  was  checked  by  introducing 
defects  by  ion  bombardment  into  annealed  or  relaxed 
a-Si,  the  samples  being  annealed  at  500°C.  Equivalent 
doses  were  also  introduced  into  c-Si  The  anrealing 
characteristics,  determined  by  calorimetry,  of  bon.bard- 
menl  damage  in  relaxed  a-Si  and  in  c-Si  were  compared 
directly.  Fig.  4  shows  the  low-temperature  DSC  traces 
of  (a)  well-relaxed  a-Si  and  (b)  c-Si,  after  irradiation 
with  He"*  ions  for  a  range  of  ion  fluences.  The  curves 
for  ion  doses  resulting  in  less  than  0.03  displacements 
per  atom  (dpa)  did  not  differ  significantly  from  the 
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Fig.  4  Low-temperature  DSC  difference  traces  for  (a)  well-re¬ 
laxed  a-Si  and  (b)  c-Si,  after  bombardment  with  keV  He* 
ions  The  hatched  area  is  discussed  in  the  text.  The  values  of 
the  integrated  heat  release  are  shown  From  Roorda  et  al 
118,201 

zero-signal  base  line  and  are  not  shown  The  curves  for 
0.03  to  1  dpa  a-Si  (fig.  4a)  deviate  clearly  from  the  base 
line,  and  show  a  heat  release  similar  to  that  observed 
when  as-implanted  a-Si  is  ramp  heated  for  the  first  time 
[16.17].  Saturation  occurs  between  0.03  and  0,1  dpa. 
Thus,  bombardment  with  He*  ions  yielding  0.03  (or 
more)  dpa  in  well-relaxed  a-Si  results  in  “de-relaxation” 
of  the  a-Si,  i.e..  the  a-Si  returns  to  the  unrelaxed  state 
which  cannot  be  distinguished  from  as-implanted  a-Si. 

For  c-Si  (Fig.  4b),  the  curve  for  0.03  dpa  is  not 
significantly  different  from  the  base  line  but  the  curve 
for  0.1  dpa  indicates  a  heat  release  which  is  qualitatively 
similar  to  the  signal  from  a-Si.  This  sample  contains 
damage  which  has  been  identified,  on  the  basis  of  RBS 
and  TF-M  re.sults,  as  a  distribution  of  point  defects  and 
small  point-defect  clusters  .^fter  the  DSC  analysis  to 
400‘’C  the  damage  has  disappeared  leaving  a  perfect 
crystal  It  is  concluded,  therefore,  that  the  heat  release 
for  the  0.1  dpa  c-Si  is  due  to  annihilation  of  point 
defects  and  small  point-defect  clusters  only  These  point 
defects  seem  to  anneal  out  continuously  over  a  range  of 
temperatures,  as  opposed  to  annealing  kinetics  domi¬ 
nated  by  only  a  few  processes.  Such  annealing  behavior 
implies  a  zoo  of  point  defects  in  irradiated  c-Si.  with  a 
large  number  of  routes  to  annihilation.  The  area  under 
the  curve  for  0.1  dpa  c-Si  coiicspoiids  to  the  total 
amount  of  heat  released,  this  is  30%  less  than  from  0.1 
dpa  a-Si.  Combining  the  number  of  displaced  atoms 
with  the  integrated  heat  release  gives  0.56  eV  per  dis¬ 
placed  atom.  This  may  serve  as  an  estimate  of  the 
stored  energy  per  defect,  but  it  is  emphasized  that  the 
number  of  displaced  atoms  as  determined  by  RBS  is  not 


necessanly  equal  to  the  number  of  point  defects.  For  1 
dpa  the  signal  from  c-Si  resembles  that  from  a-Si,  I 
with  somewhat  reduced  magnitude.  In  fact,  this  is  the 
dose  where  the  sample  has  just  been  made  amorphous 
and  the  DSC  signal  is  due  to  relaxation  of  this  as-im- 
planted  a-Si, 

The  curve  for  0.3  dpa  c-Si,  which  contains  bands  of 
extended  defects  and/or  amorphous  zones,  differs  from 
all  other  curves:  a  heat  release  can  be  seen  which  is 
larger  than  any  other.  Moreover,  this  curve  is  qualita¬ 
tively  different  because  above  180°C  an  extra  heat 
release  begins  (hatched  area),  which  can  be  understood 
in  terms  of  recrystallization  of  amorphous  zones  at 
anomalously  low  temperatures.  The  assumption  is  made 
that  the  heat  release  from  0.3  dpa  c-Si  is  a  linear 
superposition  of  annihilation  of  point  defects  (i.e.,  0.30 
eV/displaced  atom)  and  heat  release  from  crystalliza¬ 
tion  and  relaxation  of  amorphous  zones  (0.12-0.16 
eV/atom  [16,17]).  The  contribution  from  point  defect 
annihilation  should  have  the  same  onset  and  form  as 
that  from  0.1  dpa  c-Si.  The  hatched  area  corresponds, 
therefore,  to  heat  release  from  amorphous  zones.  From 
the  measured  heat  release,  the  hatched  area  in  fig.  4 
would  then  correspond  to  (8. 2-6. 2)  X  lO'^  atoms/cm^ 
and  the  remaining  area  to  4.6  X  lO”  displaced 
atoms/cm*.,,  thus  giving  a  total  number  of  (1.3-1.1)X 
lO'*  displaced  atoms/cm^  This  number  is  in  good 
agreement  with  the  channeling  estimate  of  1  3  x  lO'** 
cm'*..  It  IS  remarkable  that  the  onset  of  epitaxial  re- 
crystallization  m  the  0.3  dpa  c-Si  occurs  al  180“C..  but 
recrystallization  of  small  amorphous  zones  at  these  low 
temperatures  has  been  reported  before  [21]  One  possi¬ 
ble  reason  for  this  phenomenon  is  that  these  small 
amorphous  zones  are  embedded  in  a  sea  of  defects 
which  can  enhance  crystallization. 

These  collisional  and  defect  ideas  have  been  checked 
by  bombarding  relaxed  a-Si  with  MeV  C,  Si  and  Ge 
ions  [18,19]  and  examining  the  a-Si  with  Raman  spec¬ 
troscopy  The  transition  from  the  relaxed  to  unrelaxed 
state  occurs  for  ion  doses  on  the  order  of  0.02  dpa 
irrespective  of  the  mass  of  the  projectile.  Therefore  it 
can  be  concluded  that  the  phenomenon  of  de-relaxation 
by  ion  beams  is  due  to  the  introduction  of  defects  by 
nuclear  collision.  The  similarity  of  the  calorimetry  data 
of  fig  4  strongly  supports  the  contention  that  the  zoos 
of  defects  introduced  into  a-  and  c-Si  by  ion  bombard¬ 
ment  are  similar.  Moreover,  their  annihilation  proper¬ 
ties  are  very  similar.  These  similarities  seem  to  be  con¬ 
firmed  by  the  following  observation. 

A  rough  estimate  of  the  defect  densities  involved  in 
structural  relaxation  can  be  made  by  comparing  the 
stored  energy  per  displaced  atom  m  c-Si  determined 
from  fig.  4b  (0.56  eV)  with  the  integrated  heat  release 
from  0.03  and  0.1  dpa  a-Si  (fig.  4a).  Under  the  assump¬ 
tion  that  the  average  heat  release  from  one  annihilation 
event  in  a-Si  is  equal  to  that  in  c-Si,  this  yields  defect 
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densities  of  3.5  and  7.3  at.%  m  0.03  and  0.1  dpa  a-Si. 
respectively.  It  must  be  kept  in  mind  that  this  analysis 
relies  on  a  RBS  and  channeling  measurement  of  the 
number  of  displaced  atoms  in  0.1  dpa  c-Si  which  is  not 
necessarily  equal  to  the  number  of  defects.  Neverthe¬ 
less,  the  agreement  of  this  estimate  of  the  defect  density 
in  a-Si  with  the  Monte  Carlo  calculations  is  striking. 

4.  Density  and  defects 

The  density  of  a  solid  can  give  important  clues 
regarding  defect  density.  Moreover,  in  light  of  the  previ¬ 
ous  discussion,  it  is  interesting  to  measure  the  density  in 
both  the  relaxed  and  unrelaxed  configuration.  The  den¬ 
sity  of  a-Si  relative  to  the  crystal,  for  example,  has  been 
a  source  of  much  debate.  Early  X-ray  diffraction  data 
indicated  an  amorphous  density  as  much  as  10%  below 
[22]  that  of  the  crystal,  although  this  was  attributed  to 
the  presence  of  voids  in  the  vapor-deposited  films. 
Brodsky  et  al.  [23]  interpreted  Rutherford-backscatter- 
ing  measurements  in  combination  with  surface  pro- 
filometry  to  conclude  that  a-Si  could  be  up  to  1%  denser 
than  c-Si,  although  the  measured  density  of  their  elec¬ 
tron-beam-deposited  a-Si  films  was  3%  less  dense  than 
c-Si.  Direct  density  measurements  using  weighing  and 
interferometry  of  a-Ge  deposited  at  the  highest  possible 
temperature  indicated  a  density  1%  higher  than  c-Ge 
'24].  Computer  models  of  the  structure  of  a-Si,  assum¬ 
ing  a  continuous  random  network  (CRN)  without  point 
dik'cts.  predict  that  the  amorphous  pha.se  should  be 
'  47  more  dense  than  the  crystal  [25].  Attempts  to 
c  iirnate  the  density  of  a-Si  using  molecular  dynamics 
sir  ii.iiions  have  lead  to  results  on  either  side  of  c-Si 
[2'',  Kikont  experimental  results  on  thin  implanted 
',1',, '  '  vieate  an  a-Si  density  between  1.7  and  2.3%  less 
li'.i  .  u\stal  [27]. 

■  s  ,i'...;liihility  of  the  high-energy  Si  ion  beams  has 
m.idc  u  pu,-ihle  to  produce  thick,  well  characterized 
anK'rphoii,  l.uers  who.se  density  can  be  accurately  mea¬ 
sured  i2s  29i  Ailernating  stripes  of  a-Si  (-300  jim) 
and  c-Si  i  ~  luO  (im)  were  produced  by  MeV  Si  ion 
implantation  ihrough  a  steel  mask  into  (100)  Si  The 
relative  densits  w,is  then  determined  by  measuring  the 
physical  step  height  at  the  lateral  a-c-Si  boundary.  The 
implants  were  performed  at  a  series  of  energies  from  0.5 
to  8.0  MeV  with  irradiation  conditions  cho.sen  to  ensure 
complete  amorphization  to  the  surface.  All  irradiations, 
except  one,  were  performed  with  .samples  heat-sunk 
with  vacuum  grease  in  a  copper  block  held  at  liquid- 
nitrogen  temperature  The  measured  temperature  ri.se 
during  .similar  irradiations  was  less  than  20°C.  A  single 
sample  was  irradiated  at  room  temperature,  again  heat- 
sunk  to  the  block,  to  check  for  density  variations  caused 
by  the  implant  conditions.  A  wider  range  of  a-Si  thick¬ 
nesses  was  obtained  by  partially  recrystallizing  the  layers 


nr  ''00°C  in  a  vacuum  annealing  furnace  with  a  base 
piessure  of  -  10“’  Torr.  In  addition,  a  section  of  each 
sample  was  thermally  relaxed  by  annealing  for  one  hour 
at  500‘’C. 

The  areal  densities  (at/cm’)  of  the  a-Si  layers  were 
measured  by  RBS  in  the  channeling  configuration  using 
3  MeV  ‘*He.  Areal  density  can  be  converted  into  a  film 
thickness  using  the  density  of  a-Si  (~4.9xl0’’ 
at/cm^).  The  maximum  observable  depth  is  limited  by 
dechanneling  in  the  a-Si  to  ~  2.8  pm.  The  conversion 
of  energy  loss  to  areal  density  depends  on  the  stopping 
powers  for  "'He;  however,  two  accepted  sets  of  experi¬ 
mental  measurements  differ  by  up  to  6%  from  each 
other  [30,31].  Since  this  conversion  represents  a  sys¬ 
tematic  error  substantially  larger  than  any  other  errors 
in  the  measurement,  results  are  presented  using  both 
sets  of  stopping  powers.  Amorphous  thicknesses  be¬ 
tween  -  2.8  pm  and  3.4  pm  were  estimated  by  measur¬ 
ing  the  thickness  after  partial  solid-phase  epitaxy  The 
resulting  annealed  thickness  was  extrapolated  back  to 
obtain  the  original  as-implanted  thickness  using  the 
measured  epitaxial  crystallization  kinetics  [3].  Surface 
profiles  of  the  alternating  a- Si  and  c-Si  lines  were  ob¬ 
tained  for  each  sample  using  a  Tencor  Instruments 
Alpha-step  200  surface  profilometer  calibrated  with  an 
NIST  traceable  standard.  Typical  scans  are  shown  in 
fig.  5a  for  an  as-implanted  layer  of  2.1  pm  and  for  other 
thicknesses  obtained  by  SPE  from  this  implant  set.  Fig. 
5b  shows  the  corresponding  RBS  channeling  spectra  for 
these  samples.  Prior  to  determining  the  density  dif¬ 
ference.  a  small  correction  must  be  applied  to  the  mea¬ 
sured  step  heights  to  account  for  the  Si  implanted  and 
sputtered  [32]  during  amorphization.  For  example,  at 
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Fig.  5  (a)  Surface  profilometer  traces  of  2.1,.  1  5  and  0.8  pm 
thick  a-Si  layers  produced  by  0.5-2.0  MeV  .series  implants  and 
epitaxial  recrystallization,  (b)  Channeling  spectra  of  samples 
.shown  in  (a).  The  a-Si  thickne,s.ses  are  indicated  From  Cwster 
etal  [29|. 
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2.0  MeV  the  implanted  material  adds  1.0  nm  while 
sputtering  removes  0.15  nm,  giving  a  net  addition  of 
0.85  nm. 

Converting  the  measured  step  heights  into  a  density 
difference  requires  knowledge  of  how  the  volume  change 
IS  accommodated.  The  volume  increase  from  c-Si  to  a-Si 
can  be  accommodated  in  several  ways;  a-Si  can  be 
formed  with  built-in  stress,  the  substrate  can  plastically 
deform,  or  the  a-Si  can  plastically  deform.  Measure¬ 
ments  on  laterally  continuous  1  nm  a-Si  layers  demon¬ 
strate  that  the  volume  change  is  pnmarily  accommo¬ 
dated  by  a  verti;al  strain  with  the  in-plane  strain  less 
than  1  %  of  the  total  strain  [33].  This  indicates  that  a-Si 
deforms  plastically  during  formation  by  ion  implanta¬ 
tion.  In  the  constrained  geometry  of  these  experiments, 
plastic  deformation  of  the  a-Si  occurs  for  implants 
below  5  MeV  and  the  entire  volume  change  is  exhibited 
as  a  vertical  expansion.  Below  5  MeV,  little  deformation 
of  the  surrounding  c-Si  is  observed.  However,,  for  the 
higher-energy  implants,  plastic  deformation  of  the  con¬ 
straining  c-Si  can  be  readily  observed 

Step  height  data  from  samples  implanted  up  to  5 
MeV  are  shown  in  fig.  6  versus  the  areal  densities  of  the 
a-Si  layers  As-implanted  samples  are  shown  by  the 
open  circles  and  partially  recrystalhzed  or  relaxed  sam¬ 
ples  by  filled  squares.  Within  the  error  bars,  step  heights 
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Fig.  G  Gjiictlcii  »lcp  liciglil  vs  d-Si  areal  density  for  as-im- 
planted  samples  (open  circles)  and  annealed  samples  (filled 
squares)  of  all  implant  senes  from  0.5  to  5.0  MeV.  The  areal 
density  was  obtained  using  the  slopping  powers  of  either 
Ziegler  [30]  (bottom  axis)  or  Santry  and  Werner  [31]  (top  axis). 
The  solid  line  shows  the  step  height  expected  for  a  1  73% 
density  difference  (Santry  and  Werner  values).  From  Custer  et 
al.  [29]. 


measured  for  the  room  temperature  implanted  sample 
were  identical  to  those  measured  on  samples  implanted 
at  liquid-nitrogen  temperature.  In  addition,  no  dif¬ 
ferences  in  density  could  be  detected  between  unre¬ 
laxed,  relaxed  or  regrown  samples,  nor  between  samples 
implanted  at  any  energy  up  to  5  MeV.  Converting  the 
areal  density  (using  stopping  powers  of  ref.  [31])  to  a-Si 
thickness  and  fitting  a  least-square  line  (with  considera¬ 
tion  for  the  individual  error  bars)  through  all  the  data 
yields  a  density  difference  of  (1.74  +  0.06)%.  Fitting 
only  as-implanted  (unrelaxed)  samples,  the  density  dif¬ 
ference  IS  (1.79  +  0.13)%  while  for  annealed  (i  e.,-  re¬ 
laxed)  samples  it  is  (1  70  ±  0.07)%.  Considering  the 
relative  and  absolute  uncertainties  in  the  stopping  power 
measurements,  an  average  value  of  (1.8  ±0.1)%  is  the 
best  estimate  of  the  difference  between  the  a-Si  and  c-Si 
densities.  Very  recent  wafer-curvature  experiments  [34] 
have  shown  that  the  a-Si  densifies  by  0.15%  on  anneal¬ 
ing  to  500°C. 

These  measurements  therefore  raise  several  intrigu¬ 
ing  issues.  First,  the  sign  of  the  density  difference  is  the 
opposite  of  that  predicted  by  fully  coordinated  CRN 
models  [25]  This  means  that  defects  have  to  be  intro¬ 
duced  into  the  CRN  to  make  a  realistic  model.  More¬ 
over,  the  density  change  on  annealing  is  very  small  even 
though  the  relaxation  or  annealing  process  discussed  in 
the  previous  section  consists  of  the  annihilation  of  large 
defect  populations.  These  results  should  give  important 
clues  as  to  the  fundamental  nature  of  the  defects. 


5.  Diffusion  and  defects 

The  study  of  diffusion  mechanisms  can  be  a  critical 
probe  of  the  atomic  structure  of  a  solid  Little  is  known 
about  diffusion  in  a-Si  In  our  earlier  studies  [35,36]  it 
was  established  that  Cu.  Ag  and  Au  are  fast  diffusers  in 
a-Si  and  moreover  there  was  a  remarkable  correlation 
between  diffusion  m  a-  and  c-Si.  This  correlation  is 
shown  in  fig.  7  for  Au  [36].  Why  there  is  such  a 
correlation  in  absolute  magnitude  and  activation  energy 
IS  an  intriguing  puzzle.  It  can  be  generally  stated  [37] 
however,  that  the  fast  diffusers  in  c-Si.  with  interstitial 
components,  are  fast  diffusers  in  a-Si  and  that  the  slow.- 
substitutional,  diffu.sers  in  c-Si  exhibit  similar  behavior 
in  a-Si.  The  .solubility  of  fast  diffusing  species  in  a-Si 
was  also  found  to  be  at  least  six  orders  of  magnitude 
greater  than  their  .solubility  in  c-Si 

Recent  experiments  by  us  [38,39]  throw  light  on  the 
diffusion  mechanisms  A  systematic  study  [38]  of  impur¬ 
ities  implanted  in  thick  a-Si  layers  has  revealed  more 
diffusing  species  (Zn,  Pd  and  Pt),  as  shown  in  fig.  8.  It 
should  be  noted  that  Cu  and  Pd  are  pure  interstitial 
diffusers  in  c-Si  while  the  remaining  species  are  hybrid 
diffusers,  i.e.,  they  diffuse  interstitially  but  exchange 
with  .substitutional  sites  As  was  discus.sed  in  the  previ- 
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Fig  7  Diffusion  coefficients  vs  temperature  for  Au  implanted 
a-Si  and  lon-implanted  a-Si  For  comparison  the  diffusion 
coefficients  in  dislocation-free  single-crystal  Si  and  dislocated 
Si  are  shown.  From  Calcagnoet  al  [36J 


Temperoture  {°C) 


Fig.  8  Diffusion  coefficients  of  implanted  metallic  impurities 
in  a-Si.  Diffusion  was  measured  by  RBS  techniques  in  thick 
as-implanted  a-Si.  From  Coffa  et  al.  (38). 


ous  secttons.  a-Si  contatns  a  high  density  of  defects 
whose  population  can  be  reduced  by  annealing.  The 
effect  of  these  defects  on  diffusion  ts  dramatically  dem¬ 
onstrated  in  the  following  experiment  [39].  It  is  known 
that  the  fast  diffusing  impurities  such  as  Cu  can  be 
trapped  or  gettered  at  defects  in  c-Si.  Analogous  behav¬ 
ior  IS  shown  here  for  Cu  in  a-Si. 

Amorphous  Si  layers.  2.2  pm  thick,  were  prepared  in 
the  as-implanted  and  also  in  the  relaxed  500°C  an¬ 
nealed  state.  The  samples  were  then  implanted  with  200 
keV  Cu  ions  to  a  dose  of  5.5  X  10'^  ions/cm^.-  The 
diffusion  of  Cu  in  all  samples  was  then  studied  follow¬ 
ing  thermal  treatment  at  vanous  temperatures  ranging 
from  150  to  270°C.-  for  times  between  20  min  and  104  h 
(the  terminology  “annealing”  refers  to  heating  of  the 
a-Si  at  500°C  for  1  h  and  “thermal  treatment”  to  the 
subsequent  heating  used  to  induce  the  Cu  diffusion). 
The  Cu  concentration  profiles  were  measured  using  4 
MeV  backscattering  with  a  scattering  angle  of 

125°.  Fig.  9  shows  Cu  RBS  spectra  of  the  unannealed 
and  annealed  samples,  before  and  after  thermal  treat-, 
ment  for  4  h  at  221  °C.  As  can  be  seen,  the  as-implanted 
Cu  profile  peaks  at  ~  100  nm  below  the  .surface.  The 
peak  Cu  concentration  amounts  to  0.7  ai.%.  After  ther¬ 
mal  treatment  on  the  unannealed  sample,  significant 
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Fig  9  Brck.scattering  spectra  of  two  types  of  Cu  implanted 
a-Si  samples  bef.ore  and  after  thermal  treatment  at  221°C  for  4 
h  (a)’  unannealed  a  Si.  (b)  double-layer  of  annealed  and  unan¬ 
nealed  a-Si  From  Polman  et  al  [39], 
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in-diffusion  of  Cu  is  observed  (fig.  9a)  with  diffusion 
distances  in  agreement  with  parameters  previously  mea¬ 
sured  [35]. 

An  entirely  different  diffusion  behavior  is  obsers'ed 
in  the  annealed  sample  (fig.  9b).  A  uniform  Cu  con¬ 
centration  is  observed  in  an  approximately  300  nm 
thick  surface  layer,  and  a  low-concentration  Cu  tail  is 
observed  in  the  deeper-lying  annealed  layer.  The  inter¬ 
face  between  the  two  concentration  regions  coincides 
with  the  end  of  range  of  the  Cu  implant,  which  has 
returned  the  300  nm  thick  surface  region  to  the  as-im- 
planted,  unannealed  state.  The  diffused  Cu  concentra¬ 
tion  in  the  300  nm  surface  layer  in  fig.  9b  is  higher  than 
in  the  corresponding  region  in  fig.  9a.  This  indicates 
that  during  diffusion,  Cu  is  partially  reflected  at  the 
interface  between  annealed  and  unannealed  a-Si.  Such 
behavior  is  characteristic  for  solute  partitioning  at  a 
phase  boundary.  The  ratio  between  the  Cu  levels  in  the 
two  a-Si  phases  can  then  be  interpreted  as  a  partition 
coefficient  ( k ),  and  amounts  to  /c  =  9  ±  1  in  this  case  A 
diffusion  experiment  has  also  been  performed  in  a 
similar  structure  as  in  fig.  9b  produced  by  half  the  Cu 
fluence.  giving  a  value  of  A:  =  10  ±  2.  The  discontinuity 
in  the  Cu  profile  is  quite  abrupt.  This  abruptness  can  be 
understood  from  the  fact  that  at  the  end  of  range  the 
damage  (dpa)  profile  of  the  Cu  implant  is  a  rapidly 
decreasing  function  of  depth,  resulting  in  a  sharp  phase 
boundary  between  unannealed  and  annealed  a-Si.  The 
Cu  tail  in  fig.  9b  extends  deeper  than  that  in  fig.  9a. 
indicating  that  the  diffusion  coefficient  in  annealed  a-Si 
is  higher  than  in  unannealed  a-Si. 

Additional  studies  were  performed  to  determine  dif¬ 
fusion  and  partition  coefficients  over  a  wide  tempera¬ 
ture  range  Fig  10  shows  a  Cu  concentration  profile  in 
the  annealed/ unannealed  layer  structure  after  thermal 
treatment  at  170°C  for  20.5  h.  It  also  shows  results  of 
numencal  calculations  of  the  Cu  profile  taking  into 
account  total  reflection  at  the  surface  and  partitioning 
at  the  annealed/unannealed  interface.  The  line  repre¬ 
sents  a  best  fit,  obtained  using  k  =  l  and  a  ratio  of  2 
between  the  diffusion  coefficients  in  annealed  and  un¬ 
annealed  a-Si.  In  additional  experiments  it  was  found 
that,  within  the  error  bars,  the  partition  coefficient  was 
not  very  sensitive  to  the  diffusion  time  and  temperature 
in  the  temperature  range  between  150  and  270°C,  an 
average  of  A:  =  8.2  ±1.3  was  obtained.  Also,  it  was 
found  that  the  partition  coefficient  is  smaller  for  sam¬ 
ples  in  which  the  a-Si  is  annealed  at  a  lower  tempera¬ 
ture,  i.e.,  more  defects  in  the  starting  matenal. 

Fig  11  siimmari/es  the  mea.sured  Cu  diffusion  coef¬ 
ficients  in  annealed  a-Si  in  the  temperature  range  150- 
270°C  in  an  Arrhenius  fashion.  The  data  from  our 
earlier  study  on  diffusion  in  unannealed  a-Si  are  also 
shown  [35].  These  data  are  in  agreement  with  coeffi¬ 
cients  found  for  the  unannealed  layer  in  the  simulations 
described  above.  As  can  be  seen,  in  the  temperature 


Fig  10  Cu  concentration  as  a  function  of  depth  m  an  unan¬ 
nealed/annealed  double-layer  structure  after  thermal  treat¬ 
ment  at  170°C  for  20.5  h  (circles)  The  dotted  line  is  the 
as-implanted  profile,  the  drawn  line  is  a  fit  using  numencal 
simulation  of  diffusion  and  .solute  partitioning.  From  Polman 
et  al  [39]. 


range  studied,  the  diffusion  rate  in  annealed  a-Si  is  a 
factor  2-5  higher  than  in  unannealed  a-Si.  It  should  be 
pointed  out  that  this  behavior  is  opposite  to  that  seen  in 
the  annealing  of  metallic  glasses  where  the  diffusivity 
decreases  with  annealing  [40].  However,-  the  defect  an¬ 
nealing  process  in  a-Si  would  appear  to  be  quite  differ¬ 
ent  from  that  of  a  glass.  The  diffusion  activation  energy 
(E)  in  annealed  a-Si  is  not  significantly  different  than 
in  unannealed  a-Si  (E=  1.39  ±0.15  eV  vs  £  =  1.25± 
0.04  eV,.  respectively). 

These  Cu  data  show  quite  strikingly  the  role  which 
defects  can  play  in  the  a-Si  structure.  To  first  order,  if  it 
is  assumed  that  Cu  concentrations  are  correlated  with 
defect  concentrations,  the  data  would  imply  that  the 
defect  concentration  in  the  annealed  material  is  one 
order  of  magnitude  lower  than  that  in  the  as-implanted, 
unannealed  material.  However,  even  in  the  annealed 
a-Si  the  Cu  concentration  is  relatively  high.  The  correla¬ 
tion  of  Cu  concentration  or  solubility  with  defect  con¬ 
centration  IS  plausible  and  leads  to  an  interesting  ob¬ 
servation.  The  flat-topped  Cu  profile  would  indicate 
that  the  defects  introduced  by  the  Cu  in.plantation  are 
saturating  over  a  distance  of  some  300  nm  from  the 
surface.  Moreover,  these  defects  influence  the  diffusion 
rate  (fig.  11).  Assuming  that  Cu  is  an  interstitial  diffuser 
in  a-Si  and  is  trapped  at  defect  sites,  then  the  diffusion 
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Temperature  (°C) 

300  250  200  150 


Fig  11  Cu  diffusion  coefficients  in  a-Si  annealed  at  500®C  for 
1  h  (circles)  The  drawn  line  is  an  Arrhenius  fit  to  the  data 
Data  from  our  earlier  study  (35)  for  unannealed  a-Si  are  also 
indicated  (dashed  line)  From  Polman  et  al  [39] 

coefficient  will  increase  for  lower  defect  concentrations, 
as  IS  observed.  Experiments  are  in  progress  to  correlate 
the  diffusion  of  some  of  the  other  species  shown  in  fig. 
8  with  defect  concentrations. 

6.  Conclusions 

The  experiments  descnbed  here  have  solved  some 
old  puzzles  and  raised  more  questions  regarding  a-Si. 
The  role  of  defects  is  seen  to  be  crucial.  Relaxation  has 
been  identified  as  a  defect  annealing  process  but  even  in 
the  well-relaxed  state  the  defect  population  is  high.  The 
diffusion  of  impurities  is  strongly  influenced  by  defects 
and  the  fast  diffusers  such  as  Cu  are  remarkably  sensi¬ 
tive  markers  of  these  defects.  One  message  titUt  comes 
through  strongly  from  these  data  is  that  many  of  the 
defect  production,  annealing  processes,  impurity  diffu¬ 
sion  and  solubility  phenomena  in  a-Si  can  be  thought  of 
in  terms  of  c-Si  with  a  high  defect  population.  The 
atomistic  nature  of  there  defects,  however,  has  not  been 
identified. 
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Recent  progress  in  depositing  epitaxial  metal  films  by  an  ionized 
cluster  beam  * 

Isao  Yamada 

Ion  Beam  Engineering  Experimental  Laboralorv.  Kyoto  Unwerstty,  Sakyo.  Kyoto  60b,  Japan 


Epitaxial  Al  films  have  been  deposited  by  !CB  equipment  on  room  temperature  Si  substrates.  The  equipment  available  for 
forming  Al  epitaxial  and  single  crystal  films  has  been  discussed  Epitaxial  Al  films  can  also  be  deposited  on  various  semiconductor 
and  insulator  substrates  such  as  Ge,  GaAs,  CaFj  and  sapphire  al  room  temperature.  Application  of  epitaxial  Al  film  to  VLSI  has 
beet'  proposed  Deposited  Al  films  are  thermally  and  electrically  stable.  The  prospect  of  VLSI  application  of  epitaxial  Al  films  is 
shown 


1..  Introduction 

Future  semiconductor  devices  will  require  a  process 
technology  capable  of  providing  high  quality  semicon¬ 
ductor,  dielectrics  and  metals.  Silicon  growth  has  al-- 
ready  been  established  and  near-perfect  crystals  can  be 
provided  Combined  with  ton  implantation  technology, 
the  semiconductor  substrate  could  be  well  tailored  to 
achieve  superior  device  and  circuit  performance  [1].  Ion 
implantation  technology  has  been  successfully  applied 
to  the  semiconductor  material  processing.  On  the  other 
hand,  little  attention  has  been  paid  to  metal  film  deposi¬ 
tion  processes  by  which  the  crystalline  state  of  the 
depo.stting  films  on  the  semiconductor  or  dieivvtric  sub¬ 
strate  can  be  controlled. 

Metal  films  play  important  roles  in  the  performance 
of  a  VLSI  circuit  [2].  Gate,  contact  and  via  fill  metalli¬ 
zation  applications  bring  various  requirements  on  film 
quality  and  the  deposition  methods.  These  films  can  be 
deposited  using  various  deposition  techniques  such  as 
physical,  or  chemical  vapor  deposition.  Among  those 
deposition  techniques,  the  ICB  deposition  technique, 
which  IS  one  of  the  low  energy  ion  assisted  deposition 
techniques,  was  found  to  provide  a  better  control  of  the 
crystalline  state  of  the  deposited  metal  films.  The  basic 
mechanism  of  cluster  formation  is  described  elsewhere 
[3].  It  is  suggested  that  typical  clusters  may  be  quite 
large,  containing  500-10(X)  loosely  bound  atoms.  How¬ 
ever  the  size  and  size  distribution  of  metals  have  not 
been  studied  in  this  paper. 

In  1984.  we  have  demonstrated  that  epitaxial  Al 
films  could  be  grown  by  ICB  on  room  temperature  Si 
substrates  in  spite  of  the  large  lattice  misfit  of  25%  (4). 
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A  remarkable  feature  concerning  these  results  is  that  the 
interface  between  Si  and  Al  is  very  sharp  and  has  no 
transition  layer.  The  film  surface  is  very  smooth.  The 
atomic  resolution  cross-sectional  micrograph  indicated 
that  the  Al  layer,,  having  its  inherent  lattice  constant, 
grows  directly  on  the  Si  substrate  surface  without  dis¬ 
tortion  of  the  atomic  arrangement  at  the  interface  [5]. 
These  films  have  high  thermal  stability  [6].  are  resistant 
to  electromigration,  and  provide  good  step  coverage  [7]. 
The  metallization  is  one  of  the  most  important  factors 
in  VLSI  technology,  which  determines  the  device  per¬ 
formance  and  gives  the  limiting  factor  of  the  device 
density.  The  ICB  deposition  technique  for  epitaxial  film 
formation  could  be  valuable  to  extend  device  density  of 
VLSI 

Several  reports  on  the  epitaxial  growth  of  Al  films 
have  recently  been  published.  By  electron  beam 
evaporation  in  a  UHV  chamber,  epitaxial  growth  of  Al 
on  Si(lll),  (100)  and  (110)  substrates  at  300°C  deposi¬ 
tions  have  been  observed  [8].  High  oriented  Al  films 
were  observed  on  Si(511).  (411)  and  (311)  substrates. 
The  film  surface  on  Si(lll)  has  a  highly  reflective 
appearance,  even  though  many  sharp  protrusions  ex¬ 
isted  on  the  surface  In  other  Si  substrate  cases  of  (100), 
(110),  (511),  (411)  and  (311),  Al  surfaces  showed  a 
rough  and  milky  appearance,  and  many  islands  with  a 
different  morphology  could  be  observed.  The  paper  also 
reports  that  Si  diffusion  into  growing  Al  film  from  the 
interface  was  studied  by  SIMS  analysis  A  CVD  method 
names  as  gas-temperature-controlled  CVD  has  been 
proposed  [9].  Tn-isobutyle  aluminum  (TIBA)  is  heated 
to  230  °C  and  introduced  into  the  reaction  chamber 
with  Ar.  The  deposition  was  made  on  400  °C  Si  sub¬ 
strates.  Epitaxial  relations  obtained  on  different  sub¬ 
strate  orientations  are  as  follows;  Al(100)/Si(100), 
Al(100)./Si(lll),  Al(lll)/Si{lll)  and  Al(110)/Si(51I). 
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Al  ej.'itaxial  deposition  was  also  reported  by  the  bias- 
sputttnng  method  [10],  In  this  case,  epitaxial  relations 
of  Al(lll)/Si(lll)  and  Al(lll)/Si(100)  have  been  re¬ 
ported. 

This  paper  is  a  survey  of  the  results  of  epitaxial 
deposition  of  metal  films  on  room  temperature  sub¬ 
strates  by  ICB  techniques.  The  survey  includes  develop¬ 
ment  of  ICB  equipment,  study  of  the  film  formation 
processes  and  the  consequent  film  charactenstics,  A 
prospect  of  epitaxial  metal  films  for  VLSI  applications 
is  also  discussed. 


2.  Equipment  development 

Several  ICB  systems  are  commercially  available.  Fig. 
1  shows  a  typical  UHV  type  ICB  system.  The  chamber 
is  fitted  with  three  or  four  ICB  sources  depending  on 
the  film  composites.  The  systems  are  generally  equipped 


with  a  substrate  holder,  a  substrate  heater,  a  beani 
shutter,  substrate  temperature  thermocouples,  and  a 
film  thickness  monitor.  Options  include  a  substrate 
rotator,  a  vacuum  load  lock  umt,  and  a  reactive  gas 
controller.  The  pumping  package  can  be  based  on  a 
sorption  pump,  a  turbo  pump,  a  cryo  pump  and  an  ion 
sputter  pump. 

Among  active  developments  of  ICB  equipment  in 
Japan,  an  important  project  is  being  undertaken.  This  is 
a  large  scale  research  of  AMMTRA  (Advanced 
Material-Processing  and  Machining  Technology  Re¬ 
search  Association)  which  is  built  under  the  Agency 
Technology  of  the  Ministry  of  International  Trade  and 
Industry  (MITI).  The  project  includes  the  development 
of  an  ICB  apparatus  system  with  a  high  deposition  rate 
and  a  large  substrate  si7,e  deposition.  The  goal  of  the 
deposition  rate  is  1  (im/min  for  the  Al  deposition. 
Special  effort  has  been  made  in  order  to  create  an 
extremely  uniform  ion  beam  density  distnbution  at  the 
substrate  surface  by  using  conical  multi-nozJes. 
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3.  Film  formation  characteristics 

Two  important  effects  of  ion  bombardment  on  the 
film  formation  processes  at  the  initial  stage  of  the 
deposition  have  been  experimentally  observed  [11]. 
These  are  the  enhancement  of  nucleation  site  formation 
and  the  adatom  migration.  A  small  amount  of  silver  was 
deposited  on  amorphous  carbon  films  and  was  observed 
by  TEM.  The  ion  bombardment  increases  the  density  of 
the  nucleation  sites.  TEM  images  of  the  deposits  showed 
small  islands  dispersed  uniformly  over  the  substrate. 
The  maximum  island  concentration  tends  to  occur  at  a 
smaller  incident  quantity  at  higher  acceleration  volt¬ 
ages.  ^ig.  2  shows  the  island  concentration  as  a  function 
of  incident  quantity  of  silver  for  different  deposition 
conditions.  These  results  suggest  that  the  ion  bombard¬ 
ment  can  influence  the  formation  of  uniform  nucleation 
sites  and  the  enhancement  of  the  coalescence  process 

The  migration  of  Al  atoms  on  Si[12]  and  on  SiOjIlS] 
surfaces  has  been  studied.  Al  was  deposited  on  Siflll) 
substrates  through  a  stainless  steel  mask  slit,  50  (im 
wide  and  100  (im  long  at  the  substrate  temperature 
range  of  RT-400°C.  The  size  and  the  shape  of  islands 
are  different  al  different  distance  from  the  mask  edge 
Diffusion  distances  as  large  as  13  to  17  jim  were  ob¬ 
tained  even  al  the  substrate  temperature  of  50  °C.  Fig  3 
shows  the  result  of  the  diffusion  distance  measurement 
on  SiO;  substrates  It  is  seen  that  the  diffusion  distance 
of  Al  increases  as  the  acceleration  voltage  increases  at 
low  substrate  'emperatures.  This  tendency  continued  to 
200  °C..  but  the  order  w'as  reversed  at  400  °C.  The 
measurement  on  a  Si  substrate  indicated  a  similar  tend¬ 
ency.  It  IS  likely  that  this  reversal  was  caused  by  an 
increased  re-evaporaiion  rate  at  the  high  acceleration 
\oltage  and  temperature 


INCIDENT  OUANTirY(10'^gicmO; 


Fig  2  Island  concentration  change  as  a  function  of  deposits 
for  different  deposition  conditions. 


Fig.  3  Surface  diffusion  distance  of  Al  on  two  kinds  of  SiO; 
substrate  as  a  function  of  ion  acceleration  voltage  and  surface 
temperatures 


Metal  film  on  semiconductor  or  insulator  substrates 
grows  usually  three-dimensionally  (Volmer-Weber 
growth  type)  bv  conventional  vacuum  deposition.  In  the 
case  of  ICB,  AES  and  SEM  studies  have  shown  that 
there  is  a  transition  from  three-dimensional  growth  to 
two-dimensional  growth  at  high  acceleration  voltages 
[14],  Due  to  the  difference  in  e,scape  depth  of  the.se 
Auger  electrons,  measurement  of  the  signal  ratio  can 
tell  whether  the  growth  morphology  is  ihree-dimen-- 
sional  or  two-dimensional  at  the  initial  stage  of  the 
deposition  Fig,  4  shows  the  ratio  of  peak-to-peak  inten- 
.sities  of  the  Auger  signals  corresponding  to  AI^li  (1396 
eV)  and  Alj  vv  (68  eV)  transitions  as  a  function  of 


Fig  4.  Ratio  of  Al^ii  u,  Aljw  Auger  signal  peak  intensity 
shown  as  a  function  of  deposiiion  lime. 
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Fig  5  (a)  TEM  micrograph  of  an  epitaxial  grown  Al  film  on  a  Si  sub>irale  The  micrograph  shows  that  the  single  crystal  A1  (fee)  film 
IS  grown  on  Si(lll)  substrate  at  room  temperature  (b)  Model  of  the  atomic  arrangement  of  Al(lll)  on  Si(l  11).  showing  that  the  fee 

structure  of  Al  cannot  match  to  the  diamond  structure  of  Si 


deposition  time  for  Al  films  grown  on  room  tempera¬ 
ture  Si  sub.sirates  at  different  acceleration  voltages  The 
figure  shows  that  the  growth  process  approaches  to  the 
layer-by-layer  growth  (Frank-van  der  Merwe  growth 
type)  by  increasing  the  acceleration  voltage 

Above-mentioned  ion  bombardment  effects  could  be 
effective  for  the  epitaxial  growth  of  metal  films  on 
semiconductor  substrates  in  spite  of  the  large  lattice 
misfit  of  25%  [4],  Fig  5  shows  a  TEM  micrograph  at  the 


interface  of  Si  substrate  and  the  grown  film  The  micro¬ 
graph  shows  the  realization  of  the  epitaxial  growth  of 
an  Al  film  on  a  Si  substrate.  The  number  of  lattice 
defects  at  the  interface  seems  to  be  very  small'  because 
appreciable  change  of  the  Schottky  barrier  height  as  a 
function  of  the  annealing  temperature  up  to  550  °C 
could  not  be  .seen  [15].  A  model  of  atomic  arrangement 
of  Al(lll)  on  Si(lll)  IS  also  shown  in  the  figure.  The 
model  shows  that  the  fee'  structure  of  Al  cannot  match 


Table  1 

Lattice  constant  (a),  crystal  structure,  and  lattice  misfit  (5)  tor  Al  films  (fee',  o  =  4.049  A)  on  various  substrates  The  type  of 
matching  to  accommodate  the  lattice  misfit,  and  the  resulting  lattice  misfit  (A)  for  this  maten  are  also  indicated  for  the  specific 
substrate  plane 


Substrate 

a  [A] 

Structure 

6  with  Al  (%) 

Plane 

Matching 

4  1%1 

Si 

5.428 

diamond 

-254 

(111) 

3  •  4  match 

-0.5 

(100) 

“AIIOOII  tOU;,||(||,| 

5 ,5 

CaF, 

5.463 

flounte 

-25  9 

(111) 

3 . 4  match 

-12 

(1 00) 

Ge 

5.658 

diamond 

-28  4 

(111) 

5 . 7  match 

02 

(100) 

‘fAKlIIDl  to  d(,a()|  11 

1  2 

GaAs 

5  653 

zincblende 

-28  4 

(100) 

rfAlimiii  If* 

1  3 

Sapphire 

4  759 

hexagonal 

-149 

(000!) 

Al  to  Al  match 

40 
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to  the  diamond  Structure  of  Si.  Epitaxial  deposition  of 
A1  films  on  Si(lOO)  has  also  been  made.  The  film 
consists  of  the  bicrystal,  Al(llO)  and  Al(110)R  which  is 
rotated  90°  to  Al(llO).  A  great  number  of  detailed 
studies  have  been  made  to  analyze  the  crystalline  struc¬ 
ture  and  the  interface  by  in  situ  electron  diffraction  [4], 
RBS  [15],  normal  TEM  [16],  and  atomic  resolution 
TEM  [5].  A  remarkable  feature  concerning  these  results 
is  that  the  interface  between  Si  and  A1  is  very  sharp  and 
has  no  transition  layer.  The  atomic  resolution  cross-sec- 
tional  imcrograph  indicated  that  the  A1  layer  having  its 
inherent  lattice  constant  grows  directly  on  the  Si  sub¬ 
strate  surface  without  distortion  of  the  atomic  arrange¬ 
ment  at  the  interface.  No  damage  caused  by  ICB 
bombardment  is  seen  at  the  interface.  Epitaxial  A1  films 
can  also  be  grown  on  CaF2,  Ge,  GaAs  and  sapphire 
substrates  [6].  Table  1  summarizes  these  results.  In  any 
case,  the  explicit  lattice  misfit  is  extremely  large  for 
simple  epitaxy.  Our  study  has  shown,  however,  that 
epitaxial  metal  films  can  be  grown  even  for  these  com¬ 
binations  by  forming  atomic  coincidences  either  by  a 
superlattice  or  by  a  suitable  crystal  plane.  In  some 
cases,  complicated  island  growth  whose  crystal  orientn 
tion  IS  quite  different  from  that  of  the  final  film  is 
found. 

4.  Prospective  applications  of  epitaxial  metal  films  to 
VLSI 

The  progress  of  VLSI  has  been  achieved  by  a  reduc¬ 
tion  in  lithographic  dimensions  coupled  with  a  corre¬ 
sponding  decrease  in  vertical  dimensions.  The  ion  im¬ 
plantation  technology  is  contributing  to  further  achiev¬ 
ing  the  shallow  junction.  This  development  has  placed 
severe  demands  upon  semiconductor  metallization 
Aluminum  metallization  has  been  widely  used  for  con¬ 
tact  electrodes  and  interconnects  However,  many  prob¬ 


lems  associated  with  the  electromigration  lifetime,  the 
contact  stability,  the  corrosion  resistance,  and  the  multi¬ 
level  capability  have  arisen  according  to  the  reduction 
of  the  device  size. 

The  use  of  single  crystal  or  epitaxial  aluminum  films 
has  been  proposed  in  order  to  break  the  integration 
threshold  of  VLSI  circuits.  Fig.  6  shows  the  comparison 
between  characteristic  features  of  epitaxial  single  crystal 
film  and  polycrystal  films.  The  illustration  shows  that 
the  epitaxial  film  could  be  stable  to  the  heat  cycle  and 
the  corrosion  which  might  occur  by  the  residuals  of 
some  chei.iical  after  etching  through  the  grain  boundary 
Problems  related  to  the  electromigration  and  stress 
migration  could  be  eliminated  because  those  problems 
are  related  to  the  charactenstics  of  the  grain  boundary. 
Several  unique  characteristics  of  single  or  epitaxial  cycle 
A1  films  are  summarized  [6]. 

Interdtffusion  -  It  is  commonly  recognized  that  in  the 
integrated  circuits  structure,  the  diffusion  of  Si  in  pure 
A1  films  is  enhanced  by  the  polycrystalline  nature  and 
imperfections  of  the  A1  film.  For  an  annealing  time  of 
30  min  and  temperatures  of  550 °C,  the  diffusion  length 
for  Si  in  thin  A1  film  is  reported  to  be  83  pm  (ZJ  =  3  5 
X  lO"'*  cmVs)  [17].  The  Si  solubility  at  500  °C  is  about 
0.9%.  The  Auger  analyzer  could  have  a  detection  limit 
of  0.1%  of  Al  in  Si.  However,  in  both  epitaxial  A1  films 
deposited  on  Siflll)  and  Si(lOO)  substrates,  detectable 
amounts  of  Si  could  not  be  seen  after  the  annealing  at 
500 °C.  Though  the  Al  film  on  Si(lOO)  is  an  epitaxial 
film  with  two  microcrystals,  the  results  were  similar 
with  that  of  single-crystal  Al  on  the  Si(lll)  substrate. 
Morphology  -  Changes  in  thi.  morphology  of  the  surface 
and  the  interface  after  annealing  at  550  °C  for  30  min 
were  examined  by  SEM.  No  annealing  hillocks  or  val¬ 
leys  can  be  seen  on  the  surface  of  the  epitaxial  Al  film. 
At  the  interface  of  the  sample  prepared  by  conventional 
vacuum  deposition,  there  are  many  deep  pits  and  undu- 


sincle  crystal  aluminum 


POLYCRYSTAL  ALUMINUM 


SUBSTRATE 


SUBSTRATE 


Fig.  6  Illustration  of  (left)  an  epitaxial  single  ery.stalline  Al  film  on  Si  subslrjle  and  (right)  polycrystal  films  on  Si  substrate 
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lations  caused  by  so-called  alloy  penetration,  while  no 
irregularity  can  be  seen  at  the  interface  of  the  ICB 
deposited  sample. 

Contact  -  In  conventional  metallization  techniques,  re- 
crystallization  of  Si  that  has  been  dissolved  in  A1  causes 
such  problems  as  an  increase  in  contact  resistance  on 
n-Si  and  an  increase  of  the  barrier  height  of  Al/n-Si 
junctions.  Schottky  contact  characteristics  were  studied 
for  the  epitaxial  A1  films.  Al/n-Si  (0.7  fl  cm)  junctions 
of  1  mm  diameter  were  fabricated  and  the  current 
density- voltage  {J-V)  characteristics  were  measured 
before  and  after  annealing  at  450,  500,  and  550  °  C.  The 
barrier  height  and  the  n  value  are  around  0.73  eV  and 
1.17,  respectively.  Changes  in  the  barrier  height  and  the 
n  value  are  0.03  eV  and  0.02,  respectively,  while  in  the 
case  of  the  Al-Si  junction  fabricated  by  conventional 
deposition  techniques,  changes  of  more  than  0.1  eV  and 
0.1,  respectively,  have  been  reported  [15].  It  is  thought 
that  the  dissolution  and/or  the  recrystallization  of  Si 
are  suppressed  in  the  epitaxial  A1  films. 

Electromigration  -  The  electromigration  of  an  epitaxial 
Al(lll)  film  on  Si(lll)  has  been  tested.  A  400  nm  thick 
film  was  chemically  etched  to  10  (im  wide,  1000  [im 
long  strips.  When  they  were  applied  with  a  current  of 
10*’  A/cm*  at  250° C,.  there  was  no  change  in  resistance 
even  after  400  h  of  operation,  as  opposed  to  sputtered 
Al  films,  which  normally  fail  at  10*  A/cm^  after  20  h 
(7).  The  electrical  resistivity  of  2,7  nQcm  for  the  400  nm 
thick  film  IS  comparable  to  the  bulk  value. 


5.  Conclusions 

Charactenstics  of  Al  epitaxial  film  have  been  dis¬ 
cussed  in  terms  of  the  application  to  VLSI  metalliza¬ 
tion.  The  film  surface  is  atomically  flat  and  the  inter¬ 
face  IS  also  flat.  No  ion  bombardment  damage  could  be 
seen  near  the  interface  in  the  Si  substrate.  The  films  can 
be  deposited  stably  by  the  UHV  type  system.  However,, 
there  are  still  many  unanswered  questions  regarding  the 


fundamental  phenomena  underlying  the  ICB  technique. 
Our  effort  will  be  continued  to  make  the  technology 
clear. 
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BF2^  implantation  in  predamaged  Si  with  Ge'^  or  Si^  at  doses  lower 
than  amorphization 
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Electronics  Devices  Group,  Fujitsu  Limited,  1015  Kamikodanaka,  Nakahara,  Kawasaki  211,  Japan 


The  B  diffusion  dependence  on  the  preimplantation  energy  and  dose  of  Ge*  or  Si*  was  studied  Boron-enhanced  diffusion  is 
reduced  by  moderate  lattice  disorder  below  amorphization  The  residual  damage  was  examined  by  cross-sectional  transmission 
electron  microscopy,  which  indicated  that  amorphization  causes  the  formation  of  extended  defects  A  gate-controlled  diode  was 
designed  and  fabricated  for  the  evaluation  of  preimplanted  layer  The  dependence  of  the  leakage  current  on  the  preimplantation  dose 
indicates  that  no  serious  defects  are  caused  by  Ge*  implantation  at  40  keV  and  5  x  10'-  cm or  Si*  at  40  keV  and  2  X lO'''  cm"' 


1 
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1..  Introduction 

Ultralarge-scale  integration  (ULSI)  fabrication 
processes  require  p*n  junctions  shallower  than  100  nm 
with  good  uniformity  and  repeatability.  Ion  implanta¬ 
tion  has  been  used  in  fabricating  doped  layers  due  to  its 
controllability,-  but  implanted  B*  has  a  longer  projected 
range  and  a  higher  diffusivity  than  As  or  Sb.  Even  if 
BF;*  implantation  is  used,  it  is  impossible  to  make  p*n 
junctions  shallower  than  100  nm  because  of  the  chan¬ 
neling  tail.  A  preamorphization  technique  involving  the 
amorphization  by  Si*  or  Ge*  implantation  prior  to  B* 
or  BFi*  implantation  [1.2]  has  been  quite  successful  in 
eliminating  the  channeling  tail  [3-5], 

There  are  two  problems  with  this  technique.  One  is 
an  anomalously  rapid  diffusion  of  boron  in  the  initial 
stage  of  rapid  thermal  processes  [3]  and  low-tempera¬ 
ture  processes  [4],  This  problem  originates  from  the 
presence  of  abundant  self-interstitials  and  vacancies 
generated  by  preamorphization  and  annealing.  The  other 
problem  concerns  with  the  formation  of  defects  induced 
by  preamorphization.  These  cannot  be  removed  by 
high-temperature  annealing  [5]  Many  researchers  have 
investigated  the  influence  of  the  amorphization  on  the 
impurity  diffusion  and  on  the  residual  damage. 

The  conditions  of  preimplantation,  prior  to  donor  or 
acceptor  ion  implantation,  must  be  optimized  to 
eliminate  both  the  channeling  tail  and  the  previously 
mentioned  phenomena.  We  reported  [6]  that  the  doses 
for  eliminating  the  channeling  tail  are  25%  of  the  doses 
for  full  amorphization.  RBS  analysis  indicates  that  the 
layers  preimplanted  with  the  optimum  dose  contain 
60%  of  silicon  on  irregular  sites. 

In  this  paper,  we  describe  the  B  diffusion  at  various 
preimplantation  conditions  including  moderate  lattice 
disorder  below  amorpmzation.  We  evaluate  the  residual 


defects  using  a  cross-sectional  transmission  electron  mi¬ 
croscope  (XTEM)  and  gate-controlled  diodes  with 
lightly  doped  layers  [7], 


2.  Experiments 

Czochralski-grown  (l(X)>-oriented  n-type  silicon 
wafers  with  a  resistivity  of  10  R  cm  were  implanted  with 
Ge*  or  Si*.  Implantation  was  done  with  a  current 
density  below  a  few  gA/cm*  to  avoid  beam  heating 
annealing.  Then  BF2*  was  implanted  at  10  keV  with 
3  X  lO’’  cm“^  and  the  samples  were  annealed  in  nitro¬ 
gen  at  800  "C  for  30  min.  We  studied  the  B  profiles 
with  a  secondary  ion  mass  spectroscope  (SIMS),  the 
lattice  disorder  with  a  grazing  exit  Rutherford  back- 
scattenng  spectroscope  (RBS)  and  the  residual  damages 
with  an  XTEM 

Gate-controlled  diodes  were  fabricated  on  a 
Czochralski-grown  (100)-(<riented  n-type  silicon  wafer 
with  a  resistivity  of  1  cm.  The  round  diode  was  ringed 
by  n-poly  silicon  gate  having  1200  gm  inner  diameter. 
Ge*  or  Si*  was  implanted  at  40  keV  with  several  doses 
through  a  thermally-grown  10  nm  screening  oxide.  For 
the  p*  layer,  B*  was  implanted  at  10  keV  with  3  x  lO” 
cm"^.  The  samples  were  am  ealed  at  8(X)°C  for  10  min 
in  nitrogen.  Contact  areas  were  opened  and  the 
aluminium  electrodes  were  fabricated.  The  leakage  cur¬ 
rent  was  measured  with  an  HP4I45A  semiconductor 
parameter  analyzer. 

When  the  Si  surface  under  the  gate  is  accumulated 
by  the  controlled  gate  bias,  the  leakage  current  is  mainly 
due  to  the  bulk  generation  current  corresponding  to  the 
amount  of  the  generation-recombination  (G-R)  centers 
in  the  depletion  region  [7].  We  can  evaluate  the  damage 
induced  by  preimplantation  quantitatively  because  the 
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depletion  layer  extends  into  the  preimplanted  layer  due 
to  the  low  B  concentration. 


3.  Results  and  discussions 

3.1.  Boron  diffusion  dependence  on  the  preimplantation 
energy 

Fig.  1  shows  the  B  profile  dependence  on  preimplan- 
tation  energy.  BFj^  was  implanted  at  10  keV  with  a 
dose  of  3  x  10'^  cm“^y  with  Ge”*^  preimplantation  at  40 
or  130  keV  with  a  dose  of  2  X  lO’"*  cm”^.  The  solid  line 
IS  the  as-implanted  B  profile  in  either  40  or  130  keV 
Ge*  preimplants  to  prevent  the  channeling  tail  The 
dashed  lines  are  B  profiles  after  annealing  at  800  °  C  for 
30  mm.  Transient  enhanced  diffusion  is  observed  in  the 
40  keV  preimplanted  sample  (short  dashed  line), 
originating  from  self-interstitial  diffusion.  In  the  130 
keV  preimplanted  sample,  the  B  diffusion  is  retaided  in 
the  vacancy-rich  region  caused  by  the  amorphous/ crys¬ 
talline  (A/C)  interface  defects  [3]. 

3  2  Boron  diffusion  dependence  on  the  preimplantation 
dote 

We  studied  the  boron  piofile  dependence  on  the 
preimplantation  dose,  focusing  on  the  transition  region 
from  th-  .rystalline  to  the  amorphous.  BFi'*^  was  im¬ 
planted  at  10  keV  with  a  dose  of  3x10''’  cm'^  in 
wafers  preimplanted  with  SC  at  40  keV  and  at  doses  of 
2  3  X  lO''',  3.0  X  10'^  3.3  x  10'\  or  4.0  X  10’“  cm'^ 
Si"*^  preimplantation  with  a  dose  of  4  X  10’“  cm“’  was 
found  to  prevent  the  clianehng  tail  [6].  The  RBS 
analysis  shows  that  the  Si  preimplanted  layers  contain 
displaced  lattice  site  silicon  atoms  whose  amounts  in- 


Fig.  1.  SIMS  boron  profiles  of  samples  implanted  with  3x10” 
cm'^  BFj*  at  10  keV  in  Ge""  preamorphized  silicon  before 
and  after  annealing  at  800°  C  for  .30  m.n 


Table  1 

Dependence  of  the  concentration  of  irregular  site  silicon  atoms. 
Xma«  01  Si^  preimplantation  dose 


Si*  dose  (cm 

Xnux  1*1 

2.3x10” 

20-  25 

30x10” 

30-  40 

3.3X10” 

30-  50 

40X10” 

40-100 

crease  with  the  dose  as  indicated  by  the  x  values  shown 
in  table  1.  Fig.  2  shows  the  800  °C  30  mm  annealed  B 
profiles  dependent  on  the  preimplantation  dose  As-im- 
planted  B  profiles  have  the  same  profile  (the  solid  line). 
In  the  2.3  x  10’“  cm“^  preimplanted  sample  Hme  1).  B 
diffusion  is  very  fast.  When  the  preimplantation  dose 
increases  slightly,  that  is.  the  Si  lattice  is  disordered 
moderately,  the  mobility  of  B  decreases  (lines  2  and  3) 
If  the  fraction  of  irregular  site  silicon  atoms  increases  to 
near  100%,  the  B  diffusion  is  retarded  similar  to  the 
behavior  in  the  presence  of  an  amorphous  layer  (line  4) 
13]. 

The  rapid  diffusion  of  B  was  induced  by  the  preim- 
plantation  with  a  lower  dose  than  amorphization.  In 
amorphized  samples,  a  vacancy-nch  region  is  generated 
at  the  original  amorphous  region,  and  an  mter.stitial-nch 
region  is  formed  below  the  original  A/C  interface 
When  the  B  extends  to  the  interstifal-rich  region,  the 
diffusion  is  very  fast  (3).  In  samples  preimplanted  with  a 
lower  dose  than  amorphization,  an  interstitial-rich  re¬ 
gion  IS  generated  in  the  preimplanted  region,  similar  to 
the  region  below  the  A/C  interface  in  the  amorphized 
sample.  This  mechanism  has  not  yet  been  experimen¬ 
tally  verified. 


Fig.  2.  SIMS  boron  profiles  of  samples  implanted  with  3  X  lO” 
cm"  ■  BF2^  at  10  keV  in  SC  preimplanted  silicon  before  and 
after  annealing  at  800  °  C  for  30  min. 
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3  3  XTEM  analysis  of  the  residual  defects 

Fig.  3  shows  XTEM  micrographs  of  the  gate  edge 
implanted  with  Ge"^  at  130  kcV  and  at  a  dose  of 
2x10'“'  cm~^.  Fig.  3a  shows  that  crystalline  regions 
remain  at  the  surface  while  a  80-nm-thick  amorphous 
layer  is  formed.  After  annealing  at  800  °C  for  30  min, 
defects  like  grain  boundaries  are  observed  at  a  depth  of 
60  nm  and  below  the  gate  edge.  The  grain-boundary-like 

a 


defect  at  ?  depth  of  60  nm  originates  from  the  encoun¬ 
ter  of  the  upward  solid  phase  epitaxy  (SPE),  and  down¬ 
ward  SPE  from  the  surf^'-e  crystalline  islands.  The  gate 
edge  one  originates  from  the  encounter  of  upward  and 
lateral  SPE.  To  prevent  the  defect  at  a  depth  of  60  nm, 
high-dose  or  multiple  implantation  might  completely 
eliminate  surface  crystalline  islands.  However,  gate  edge 
defects  like  gram  boundaries  cannot  be  eliminated  [5]. 
Fig.  4  shows  an  XTEM  micrograph  of  the  Ge^  im- 


Gate 


Gate 

1  <100> 


<010> 

50  nm 

I - 1 


Fig  3.  Cross-sectional  TEM  micrographs  of  a  gate  edge  amorphized  by  Ge*  at  130  keV  with  2  x  lO'^  cm  ^  before  (a)  and  after  (b) 

annealing  at  800°  C  for  30  min. 
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Gate 


50  nm 


Fig  4  Cross-sectional  TEM  micrograph  of  a  gate  edge  amorphtzed  by  Ge*  at  40  keV  with  5  x  10'^  cm  ^  after  annealing  at  600 °C 

for  30  min 


planted  sample  at  40  keV  and  at  a  dose  of  5  X  lO” 
cm'*  and  antiealed  at  600 for  30  mm.  This  shows 
that  neither  grain-boundary-ltke  defect  nor  any  senous 
defect  remains  because  amorphization  does  not  occur. 

3.4.  Analysts  of  restdual  defects  using  a  gate -controlled 
diode 

We  studied  the  characteristics  of  gate-controlled  di¬ 
odes  with  various  preimplantation  conditions.  The  sam¬ 
ples  were  preimplanted  with  Ge^  at  40  keV  and  doses 
ranging  from  5  x  lO’’  to  8  X  10'‘‘  cm'^  or  with  Si’^  at 
40  keV  and  doses  ranging  from  2  X  10“*  to  2  X  10’’ 
cm'^..  Leakage  current  was  measured  at  a  fixed  gate 
bias  (1  V)  to  accumulate  charges  in  the  silicon  surface 
under  the  gate,  to  show  dependence  on  the  preimplanta¬ 
tion  dose  (fig.  5).  The  leakage  current  depends  strongly 
on  the  preimplantation  doses  of  both  Ge^  and  Si^ 
preimplantations.  The  leakage  currents  of  samples  im¬ 
planted  with  Ge"^  at  5  X  lO'^  cm'^  or  with  Si^  at 
2x10'“'  cm'^  are  the  same  as  those  of  not  preim¬ 
planted  samples.  This  shows  that  defects  are  annealed 
out  in  the  lower  dose  preimplantation.  Preimplantations 
with  these  doses  eliminate  both  the  residual  defects  and 
the  channeling  tail,  but  to  prevent  the  enhanced  diffu¬ 


sion,  the  moderate  disordered  layer  is  the  key.  The  Ge”*^ 
preamorphization  (2  X  10''*  cm'^)  cannot  be  used  for 
low-temperature  annealing  due  to  the  leakage  current. 


F'g.  5  The  leakage  current  of  gate-controlled  diodes  as  a 
function  of  preimplantation  dose. 
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4.  Summary 

We  studied  the  B  diffusion  dependence  on  preim- 
plantation  energy  and  dose.  Boron-enhanced  diffusion 
is  reduced  by  moderate  lattice  disorder  below  amorphi- 
zation.  The  residual  defects  were  examined  by  XTEM, 
which  indicated  that  amorphization  induces  serious  de¬ 
fects  (the  grain-boundary-like  defects).  We  proposed  the 
best  design  of  the  gate-controlled  diode  for  the  evalua¬ 
tion  of  preimplantation.  The  dependence  of  the  leakage 
current  on  the  preimplantation  dose  indicates  that  no 
serious  residual  defects  are  caused  by  Ge^  implantation 
at  40  keV  with  5  X  lO'^  cm"^  or  Si'*^  at  40  keV  with 
2  X  10'“  cm'*  after  800 °C  annealing.  Preimplantation 
below  the  amorphization  dose  results  in  no  grain- 
boundary-like  defects  and  low  leakage  currents.  To  pre¬ 
vent  enhanced  diffusion,  the  moderate  disordering  pre¬ 
implantation  IS  the  key 
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SIMOX  (separation  by  implanted  oxygen)  is  an  established  technique  to  produce  device  worthy  silicon-on-insulator  structures 
Current  interest  in  thin  film  fully  depleted  CMOS  devices  in  SIMOX  material  has  placed  emphasis  on  producing  silicon  overlayers  of 
100  nm  thickness  or  less  Thin  film  SIMOX  substrates  have  been  prepared  using  halogen  lamps,  to  preheat  and  provide  background 
heating  during  oxygen  ion  implantation  m  the  relatively  low  energy  range  50-140  keV  The  resulting  structures  have  been  studied  by 
RBS,  cross-.sectional  TEM  and  SIMS.  This  paper  reports  on  the  crystalline  quality  of  the  silicon  overlayers  and  discusses  the  viability 
of  low  energy  oxygen  implantation  to  produce  thin  film  SIMOX  structures  suitable  for  VLSI  device  fabrication 


I.  Introduction 


2.  Experimental  details 


D  vice-worthy  silicon  on  insulator  structures  formed 
on  SIMOX  material,  are  usually  implanted  with  200 
keV  oxygen  ions  in  silicon  and  a  typical  implantation 
dose  IS  1  8  X  10‘*  O  [I]-  This  clean,  reproducible, 
implantation  process  results  in  300  nm  of  silicon  over¬ 
laying  an  oxide  layer  of  400  nm  [2],  For  fully  depleted 
devices,  silicon  overlayers  of  100  nm  thickness  are  re¬ 
quired  [3],  Thinner  silicon  overlayers  can  be  achieved  by 
thermal  oxidation  and  chemical  etching  of  thick  silicon 
layers.  An  alternative  method  is  to  implant  lower  energy 
oxygen  ions  into  the  silicon  and  thereby  reducing  the 
projected  range  of  the  ions,  hence,  the  synthesis  of  the 
buried  oxide  occurs  closer  to  the  surface.  Once  the 
oxide  IS  formed,  its  thickness  increases  at  the  expense  of 
the  silicon  overlayer  [4],  TTierefore,  a  thinner  silicon 
overlayer  can  be  achieved  by  controlling  the  ion  energy 
and  the  i.nplantation  dose. 

Experiments  to  evaluate  the  quality  of  thin  film 
SIMOX  substrates  prepared  by  O^  implantation  in  the 
energy  range  50  to  140  keV  are  being  carried  out  using  a 
heated  halogen  lamp  sample  holder,  which  enables  an 
implantation  temperature  of  680  ±  10  °C  to  be  main¬ 
tained.  As  a  consequence,  the  implantation  beam  cur¬ 
rent  and  power  loading  of  the  wafer  are  now  less  critical 
parameters  in  the  production  of  the  substrate.  The  aim 
of  this  paper  is  to  report  on  the  thickness  of  the  layers 
formed  and  the  crystalline  quality  of  the  thin  silicon 
overlayers  produced  using  this  method. 


Square  areas  of  6.25  cm"  in  the  centre  of  bulk  silicon 
(100)  wafers  were  implanted  with  molecular  oxygen  ions 
(Oi)  in  the  energy  range  50  to  140  keV  at  a  tempera¬ 
ture  of  680±10°C.  Implantation  temperatures  were 


silicon 

defining 

aperlure 


Fig  1 .  Scheiiidtic  tlie  halogen  lamp  heated  sample  holder. 
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maintained  by  halogen  lamps  fitted  behind  the  wafer  in 
the  sample  holder.  The  schematic  in  fig.  1  shows  the 
sample  holder,  and  the  implantation  conditions  of  the 
nine  wafers  produced  are  shown  in  table  1.  Wafers  1  to 
5  were  implanted  with  70  kcV  oxygen  ions  and  wafers  o, 
7,  8  and  9  were  implanted  with  140,  90,  50  and  200  keV 
oxygen  ions  respectively. 

Three  different  doses  of  have  been  implanted 
into  different  areas  on  each  wafer  by  linear  movement 
of  the  wafer  during  the  implantation  process.  Subse¬ 
quently,  wafers  2-4  were  capped  with  a  deposited  «  500 
nm  oxide  layer  and  annealed  at  1405  °  C  for  30  min  [5]. 


Aligned  spectra 
Non-aligned  spectra 
18 

0  7x10 


50keV 


70keV 


140keV 


200keV 


Fig.  2.  "As-implanted”  RBS  spectra  for  wafers  8,  5,  6  and  9 
implanted  with  at  energies  of  50,  70,  140  and  200  keV, 
respectively. 


Fig  3  Aligned  “ai.-implanted"  RBS  spectra  from  wafers  5  and 
6  implanted  with  doses  of  0  3,  0.7  and  1  xIO'**  0*/cm^  to¬ 
gether  with  a  non-alignCki  spectrum  from  a  sample  implanted 
with  1  xlO’”  OVcrn^. 


Wafers  6-8  were  cleaved  into  small  samples  before 
capping  and  were  annealed  in  a  lube  furnace  at  1320°C 
for  two  hours.  Rise  and  fall  ramp  rates  were  10°C/min 
from  and  to  room  temperature,  with  an  anneal  ambient 
of  flowing  nitrogen..  RBS  analysis  of  the  capping  oxide 
layer  performed  before  and  after  the  anneal  showed  the 
oxide  to  be  clean  and  intact. 

The  resulting  structures  have  been  studied  by 
Rutherford  backscattering  (RBS)  and  channelling  tech¬ 
niques  using  a  1..5  MeV  ‘*He'^  beam  with  a  backscatter¬ 
ing  angle  of  160°.  Samples  were  also  analysed  by 
XTEM  and  SIMS.  Non-destructive  spectroscopic  el- 
lipsometry  has  been  used  to  calculate  the  thickness  of 
the  silicon  overlayers  and  the  buried  oxide  layers  for 
selected  samples.  RBS,  SIMS  and  XTEM  analysis,  to¬ 
gether,  give  information  on  the  crystalline  quality,, 
oxygen  concentration  and  oxygen  depth  distribution. 


3.  Results 

Fig.  2a-d  shows  normalised  RBS  non-aligned  and 
aligned  spectra  from  four  “as-implanted”  wafers  im¬ 
planted  with  a  dose  of  0.7  x  10"*  0*/ctr?  at  energies  of 


I 
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Table  1 

Implantation,  anneal  conditions  and  analysis  techniques 


Wafer 

num¬ 

ber 

Dose 
[lx  10'* 

O  Vernal 

Energy 

[keV] 

Anneal 

conditions 

Analysis 

techniques 

1 

1 

70 

- 

RBS  XTEM 

2 

0  3, 0.7.  1 

70 

1405  °C,  30  min 

RBS,  XTEM 

.t 

0  3. 0  7,  1 

70 

1405  °C.- 30  min 

ellipsometry 

4 

0.3, 0  7,.  1 

70 

1405'‘C.  30min 

XTEM 

5 

0.3,  0.7. 1 

70 

- 

RBS,  XTEM 

6 

0.3, 0.7, 1 

140 

(a)  1320°C,  2h 

(b)  as-implanted 

RBS,  SIMS 

7 

0  3,0  7, 1 

90 

(ainiO^C,  2h 
(b)  as-implanted 

RBS.  SIMS 

8 

0.2,  0.5.0  7 

50 

(a)  1320°C.  2h 

(b)  as-implanted 

RBS,  SIMS 

9 

0.3,  0  7,  1 

200 

- 

RBS 

50,  70,  140  and  200  keV,  respectively.  The  spectra 
indicate  that  the  buried  oxide  is  located  closer  to  the 
surface  if  lower  energies  are  used.  Fig.  2d  also  shows  a 
Xmin  ''®'ue  of  4.6%  indicating  that  a  good  quality  silicon 


overlayer  is  maintained  during  the  implantation  pro¬ 
cess.  However,  as  the  energy  is  lowered,  the  oxygen 
profile  shifts  towards  the  surface  leading  to  a  reduction 
of  the  crystalline  quality  of  the  silicon  overlay. 

The  aligned,  as-implanted,  spectra  for  0.3  (B).  0.7 
(C)  and  1  X  10'“  O (D)  doses  implanted  with 
energies  of  70  and  140  keV  are  shown  in  fig.  3a  and  b, 
respectively,  together  with  a  corresponding  non-aligned 
spectra  (A)  from  the  highest  dose.  With  increasing  dose 
for  the  70  keV  energy  implants  there  is  a  degradation  m 
the  crystalline  quality  of  the  silicon  overlay  which  is 
seen  from  the  increasing  Xmm  values  of  16%,  50%  and 
82%  for  D,  C  and  B,  respectively.  In  fig.  3b  the  spectra 
from  wafer  6  implanted  with  the  same  doses  but  at  the 
higher  energy  of  140  keV,  show  little  change  in  the 
crystalline  quality  of  the  surface  with  Xmm  ^ 

D  having  values  of  8,  5.5  and  4.3%,  respectively. 

Fig.  4  shows  a  cross  sect’onal  TEM  micrograph  from 
an  unannealed  sample  prepared  from  wafer  1  after 
implantation  of  70  keV  to  a  dose  of  1  X  10'“  C^/cm^. 
The  “as-implanted”  microsiructure  is  superior  to  that 
found  in  samples  prepared  previously  using  only  beam 
heating  during  the  implantation  [6].  The  laminar  struc- 


Surface 


1  Silicon 
i  overlayer 


Buried  oxide 


Fig.  4.  Cross-sectional  XTEM  micrograph  showing  the  as-implanted  structure  prepared  from  wafer  1,  which  was  implanted  with  a 

dcse  of  1  X 10'*  O^/cnf  and  energy  of  70  keV 
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Fig  5  Aligned  and  non-aligned  RBS  spectra  from  annealed 
wafers  8.  5.  7  and  6  implanted  with  O*  at  energies  of  50,  70. 
90  and  140  keV.  respectively 


lures  observed  in  the  silicon  overlay  are  t'ssumed  to  be 
due  to  SiOj  precipitates.  No  ordering  in  these  structures 
IS  observed,  unlike  the  ordered  Si02  precipitates  re¬ 
ported  by  van  Ommen  [7].  Defects  on  the  silicon  (311) 
and  {111}  lattice  planes  are  also  evident  near  the 
SiOi/substrate  interface. 

Fig.  5  shows  typical  RBS  non-aligned  and  aligned 
spectra  from  the  annealed  samples  from  wafers  2,  6,  7 
and  8.  The  non-aligned  spectra  indicate  the  variation  in 
the  silicon  overlayer  and  buried  oxide  thicknesses  and 


the  results  are  summarised  in  table  2.  Also  tabulated  is 
the  thickness  of  the  layers  as  predicted  by  IRIS  [8],  a 
computer  program  which  simulates  high  dose  oxygen 
profiles  before  and  after  high  temperature  annealing, 
plus  additional  thickness  data  from  XTEM  and  spectro¬ 
scopic  ellipsometry  analyses. 

Comparison  of  the  non-aligned,  experimental  spec¬ 
tra,  with  simulated  RBS  spectra  (not  shown)  indicates 
that  for  the  sample  implanted  with  a  dose  of  1  X  10'’' 
0^/cm^  and  energy  of  70  keV  a  layer  of  stoichiometric 
S1O2  IS  formed.  In  this  sample,  the  buried  oxide  has 
formed  abrupt  interfaces  and  there  is  no  evidence  of 
oxide  precipitates  in  the  silicon  overlayer.  The  abrupt 
interfaces  have  also  been  confirmed  by  spectroscopic 
ellipsometry.  However  for  doses  of  0.3  and  0.7  X  10’* 
O  '^/cm'’.,  the  buried  oxide  contains  excess  silicon.  For 
wafer  8  (lowest  implantation  energy)  the  RBS  simula¬ 
tions  indicate  that  the  silicon  overlayer  still  contains 
oxygen  even  after  the  high  temperature  anneal.  It  is 
assumed  that  these  effects  are  due  to  crystalline  silicon 
inclusions  in  the  buned  oxide  and  due  to  oxide  precipi¬ 
tates  within  the  silicon  overlayer  [9] 

Fig.  6a  shows  a  XTEM  micrograph  for  a  sample 
from  wafer  5  (0.7  X  lO'*  0^/cm’)  which  confirms  that 
after  annealing,  the  excess  silicon  in  the  buned  oxide  is 
in  the  form  of  crystalline  inclusions  These  inclusions 
appear  to  be  distributed  throughout  the  oxide  layer  with 
a  greater  proportion  being  located  near  the  lower 
S1O2/S1  interface  rather  than  the  upper  interface.  The 
threading  dislocation  density  obtained  from  plan-view 
TEM  in  this  sample  was  found  to  be  =  lO’/cm’  The 
micrograph  in  fig,  6b  is  from  a  sample  implanted  with  a 
do.se  of  1  X  10’*  O'^'/cm^  from  wafer  4.  which  was  also 
annealed  at  1405  °C.  3''’e  silicon  overlay  is  seen  to  be  of 
good  crystalline  quality  containing  some  threading  dis¬ 
locations.  The  synthesised  buried  oxide  has  abrupt  in¬ 
terfaces  and  contains  small  crystalline  silicon  inclusions 
near  the  lower  interface  with  many  of  these  inclusions 
in  contact  with  the  .substrate 


4.  Conclusions 

(1)  SIMOX  material  has  successfully  been  produced 
with  low  energy  oxygen  ions  implanted  at  elevated 
implantation  temperature  of  680  ±  I0°C. 

(2)  Device  quality  .silicon  ovei'ayers  of  vatious 
thicknesses  (less  than  100  nm)  have  been  produced  with 
uniformly  thick  buried  oxides.  Foi  any  oxygen  dose  of 
1  X  10'*  0'’/cm^  and  energy  of  70  keV,  after  annealing, 
the  RBS  results  indicate  that  the  buried  oxide  has 
abrupt  planar  interfaces  and  is  of  uniform  thickness 
(240  nm).  The  silicon  overlay  was  found  to  be  50  nm 
thick  and  of  good  silicon  crystalline  quality.,  which  has 
been  confirmed  by  XTEM  analysis  and  spectroscopic 
ellipsometry  However,-  for  lower  doses.  XTEM  analysis 
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Table  2 

Thickness  of  the  silicon  overlay  and  the  buned  oxide  determined  using  RBS,  XTEM,  spectroscopic  ellipsometry  and  SIMS  Also 
predicted  thicknesses  from  IRIS  [5] 


Energy 

[keV] 

Dose 
[lx  10"* 

O  Vernal 

RBS  thicknesses 
accuracy  ±  17  nm 
[nm] 

IRIS  simulation 
[nm] 

Other 

[nm] 

Si 

SiOj 

Si 

SiO, 

Si 

S1O2 

50 

0.7 

45 

150 

50 

140 

60'-’ 

170  *' 

70 

0.7 

80 

182 

100 

140 

75  '*> 

MO" 

90 

07 

145 

160 

160 

140 

140 

07 

386 

160 

260 

140 

270 

145'-’ 

70 

1 

50 

240 

60 

210 

52'" 

200  ''' 

49  ■" 

195  " 

140 

1 

300 

240 

215 

215 

200 

1  8 

300 

400 

230 

385 

■*’  XTEM.  Ellipsometry.  SIMS  ±5*  From  ref  (1| 


confirms  the  synthesised  oxide  contains  many  small, 
crystalline  silicon  inclusions. 
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Fig.  6.  Two  cross-sectional  XTEM  micrographs,  (a)  an  annealed  sample  from  wafer  2  implanted  at  70  keV  with  a  do.se  of  0  7  x  lo'" 
O  Vcni^.  This  micrograph  shows  a  uniformly  thick  buried  oxide  layer  containing  silicon  inclusions,  and  (b)  a  sample  implanted  at  the 
same  energy  and  annealed  under  the  same  conditions  but  with  a  dose  of  1  x  10"*  0*/cm^.  For  the  larger  do.se  the  density  of  silicon 

inclusions  in  the  buried  oxide  is  much  reduced 
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Boron  ions  were  implanted  into  high  resistivity  Si  wafers  at  energies  in  the  15-50  MeV  range  and  doses  in  the  10"-10'''  cm"^ 
range  The  distnbution  of  the  implanted  ions  was  analyzed  by  spreading  resistance  profilometry  and  for  the  high  fiuences  by 
secondary  ion  mass  spectrometry  Some  samples  were  implanted  with  the  beam  normal  to  the  wafer  surface  to  study  the  channeling 
effect  in  a  pure  electronic  stopping  power  regime  of  slowing  down.  The  expenmental  measurements  of  the  projected  ranges  and  of  the 
stragglings  are  compared  with  calculations  based  on  the  usual  LSS  and  Bethe-Bloch  formulas  for  the  stopping  power.  This  classic 
approach  justifies  quantitatively  the  distnbution  for  the  samples  implanted  in  a  random  uirection.  The  I-F  characteristic  of  a  diode 
performed  by  multiple  energy  boron  implants  of  15,  22  and  50  MeV  is  presented  The  obtained  breaf  down  voltage,  5X10^  V, 
represents  a  possible  application  of  the  high  energy  implants 


1.:  Introduction 

In  the  la.st  few  years  interest  in  MeV  implants  has 
arisen  because  of  the  large  field  of  technological  appli¬ 
cations.  MeV  implants  are  mainly  used  for  the  forma¬ 
tion  of  deep  p-n  junctions  [1-3]  without  the  traditional 
predep  and  drive-in  process  that  requires  thermal  treat¬ 
ments  at  high  temperatures  and  for  long  times.  Using 
the.se  high  energies  the  near-surface  region  remains 
practically  free  of  damage  and  dopants.  This  is  a  very 
important  advantage  in  the  formation  of  deep  wells. 
While  for  the  1-2  MeV  implants  a  lot  of  measurements 
have  been  reported  [4-6],  for  energies  of  tens  of  MeV 
only  a  few  studies  on  the  ion  distnbution  are  reported 
in  the  literature  (7,8).  For  energies  in  the  10-100  MeV 
range  a  description  of  the  concentration  profile  in  terms 
of  several  moment  parameters  is  not  reasonable,  in 
contrast  with  the  1-2  MeV  implant  case.  The  ion  distri¬ 
bution  is  characterized  by  a  narrow  peak  located  at  a 
depth  determined  by  the  electronic  stopping  power  and 


by  a  low  concentration  surface  front  tail  associated  with 
large-angle  single  scattenng  events  [9,10]. 

We  report  an  experimental  investigation  of  the  range 
distribution  for  random  and  channeling  high  energy 
boron  implantation.  The  experimental  analysis  is  made 
by  spreading  resistance  profilometry  (SRP)  to  de¬ 
termine  the  earner  distribution  and  for  the  first  time  by 
secondary  ion  mass  spectrometry  (SIMS)  to  obtain  the 
chemical  boron  profile. 

An  application  of  the  high  energy  boron  implants  is 
also  presented.  These  implants  were  u.sed  to  fabricate  a 
diode  with  a  breakdown  voltage  near  the  limiting  value 
characteristic  of  a  parallel  plane  structure. 


2.  Experimental 

(1(X))  and  (111)  oriented  silicon  wafers  were  im¬ 
planted  with  boron  ions  in  the  15-50  MeV  energy 
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range.  Doses  used  were  in  the  range  between  lO"  and 
10*®  cm"^.  The  n-type  silicon  substrates  of  ~  10^  ficm 
were  floating  zone  (FZ)  grown  and  doped  by  neutron 
transmutation  to  a  phosphorus  concentration  of  -  5  X 
lO'^  cm'^.  The  boron  implants  were  performed  with  the 
high  voltage  tandem  accelerator  of  the  National 
Laboratory  of  the  South  in  Catania.  Some  samples  were 
implanted  with  the  beam  normal  to  the  silicon  surface 
to  study  the  channeling  effect.  To  ensure  a  reasonable 
uniformity  of  dopant  the  boron  beam  was  defocused 
and  the  implanted  area  defined  by  a  2  X  4  mm^  rectan¬ 
gular  window.  The  boron  current  was  in  the  10-100  nA 
range. 

The  hole  and  ion  profiles  were  determined  by 
spreading  resistance  and  secondary  ion  mass  spectrome¬ 
try,  respectively.  A  thermal  process  at  950  °C  for  1  h 
was  performed  in  an  Nj  ambient  to  ensure  the  electrical 
activation  in  all  samples  without  substantial  diffusion. 
This  thermal  process  is  necessary  for  the  SRP  measure¬ 
ments.  This  technique  allows  carrier  measurements  at 
concentrations  as  low  as  lO’^-lO'"*  cm~^  typical  of  that 
in  the  front  tail. 

Using  the  same  material  a  family  of  diodes  was 
constructed.  Every  diode  was  multiply  implanted  with 
boron  at  energies  of  22,  35  and  50  MeV  using  circular 
masks  of  decreasing  diameter;  7,  5  and  3  mm  respec¬ 
tively.  In  addition  an  area  of  9  mm  in  diameter  was 
implanted  with  a  low  energy  B*  process:  80  keV,.  dose 
=  3  X  10"  cm~^. 

The  implanted  dose  should  be  of  low  value  so  that 
the  doped  regions  can  be  easily  depleted  under  the 
reversely  biased  condition.  In  this  case  the  electric  field 
can  reach  the  maximum  allowed  value  before  the  heavily 
p-doped  surface  region  be  completely  depleted.  The 
maximum  electric  field  before  breakdown,  which  occurs 
by  the  avalanche  impact  ionization  mechanism,  is  called 
the  cntical  electric  field,  and  it  amounts  to  15.4 
Vfim"’.  Details  on  the  diode  construction  have  been 
already  reported  [11]  but  in  the  first  expenment  no  field 
plate  was  used. 


3.  Results:  analysis  of  high  energy  boron  distributions 

The  distribution  of  50  MeV  ions  implanted  in 
silicon  is  peaked  at  a  depth  of  about  86  |xm  [9,10]. 
Clearly  a  usual  SIMS  analysis  cannot  be  performed  and 
it  was  done  on  beveled  samples  as  shown  in  fig.  1.  A 
1  (lA  oxygen  beam  was  rastered  over  an  area  of  150  X 
150  |im^  on  different  points  of  the  beveled  sample.  The 
lapped  surface  of  the  implanted  sample  is  mounted 
perpendicular  to  the  secondary  ions  beam  direction  of 
detection.  By  means  of  micrometnc  screws  driven  by 
stepping  motors  the  rastered  zone  is  centered  in  differ¬ 
ent  points  of  the  concentration  distribution  and  just  a 
few  microns  in  depth  are  analyzed.  Moving  the  sample 
in  different  positions  the  whole  concentration  profile  is 
reconstructed.  Only  the  secondary  boron  ions  coming 
from  the  middle  of  the  rastered  area  are  detected  and 
the  depth  resolution  is  determined  from  this  area.  The 
distribution  around  the  peak,  where  the  concentration 
changes  three  or  four  orders  of  magnitude  in  a  few 
rmcrons,  was  measured  with  a  depth  resolution  of  about 
200  nm. 

Carrier  and  boron  atom  profiles  are  shown  in  fig.  2 
for  a  50  MeV,  4  x  10'*  cm'  ^  B  implanted  into  a  (100) 
Si  sample.  The  boron  beam  was  normal  to  the  target 
surface.  The  two  distributions  obtained  by  these  differ¬ 
ent  techniques  are  quite  similar.  The  SIMS  distribution 
is  slightly  narrower  than  the  SRP  one.  Probably  this  is 
due  to  the  computer  code  used  for  the  conversion  from 
the  resistance  data  to  the  earner  profile  [12]. 

The  boron  concentration  profile  is  charactenzed  by  a 
long  near-surface  tail  caused  by  the  rare  elastic  nuclear 
scattering  events  a  narrow  peak  due  to  the  large  num¬ 
ber  of  ions  that  slow  down  by  electronic  scattering  and 
an  asymmetric  concentration  fall.  This  is  probably  due 
to  the  channeling  effect.  In  fact  the  projected  range, 
Rp,  corresponds  to  a  depth  where  the  boron  ions  stop 
after  slowing  down  by  electronic  losses  and  it  is  well 
predicted  by  the  classical  formulas  valid  for  an 
amorphous  material.  Depths  greater  than  Rp  corre- 
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Fig  2.  Concentration  profiles  of  a  (100)  Si  sample  implanted 
with  50  MeV  B,  4xlO'Vcin^  normal  to  the  sample  surface. 
SRP  ( •  •  • )  and  SIMS  (•)  measurements. 


spend  to  ions  that  have  experienced  a  lower  stopping 
power  during  part  of  their  trajectory,  as  for  channeled 
ions.  Because  of  the  large  B'*'  beam  divergence  in  our 
experiment  a  quantitative  determination  of  the  chan¬ 
neled  ton  distribution  is  not  feasible  at  this  moment.  By 
the  anal)  ,is  of  /?max  (depth  where  the  B  concentration 
IS  reduced  to  1%  of  the  peak  value)  as  a  function  of  the 
implant  energy  it  is  found  that  the  channeled  ions 
experience  in  average  an  electronic  stopping  power  25^ 
lower  than  that  of  a  random  medium. 

For  companson  a  (111)  St  sample,  was  also  im¬ 
planted  with  50  MeV,.  1.7  X  10‘^  B'^  cm'^.  This  sample 
IS  cut  1-2°  off  axis  and  because  the  critical  angle  for 
channeling  at  the  energy  of  50  MeV  is  -0.5°  [13] 


Fig  3.  SIMS  profiles  of  50  MeV  Boron  implanted  in  (100)  (o) 
and  (111)  (•)  Si  samples,  with  the  boron  beam  impinging 
normally  to  the  sample  surface  A  calculated  profile  is  also 
shown 


directional  effects  are  practically  avoided  The  SIMS 
profile  is  shown  with  a  linear  scale  in  fig.  3  together 
with  the  boron  normalized  distribution  obtained  for  the 
(100)  sample.  The  channeling  effect  appears  evident  In 
the  same  figure,  as  a  full  line,  the  single  scattering 
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simulation  convoluted  with  the  electronic  straggling  [14] 
IS  shown.  The  calculated  profile  is  in  good  agreement 
with  the  experimental  one  without  directional  effect. 

4.  High  breakdown  voltage  diode:  an  application  of  MeV 
B  implants 

The  avalanche  impact  ionization  process  responsible 
for  diode  breakdown  is  determined  by  the  curvature  of 
the  doped  device  regions.  To  increase  the  breakdown 
voltage  toward  the  limiting  value  of  a  parallel  plane 
structure  it  is  necessary  to  have  a  high  curvature  radius 
extending  laterally  the  depleted  regions.  This  goal  was 
obtained  by  using  multiple  high  energy  boron  implants- 
22.  35  and  50  MeV  in  regions  of  decreasing  diameter  to 
have  a  structure  designed  like  a  “funnel”.  The  diode 
design  IS  presented  in  fig.  4.  With  this  geometry  each 
p-type  region  works  as  a  field  plate  for  the  other  p-type 
deeper  regions  and  when  the  device  is  reversely  biased 
the  depleted  regions  extend  laterally  more  and  more  as 
the  diode  surface  .s  approached,  so  the  curvature  radius 
IS  considerably  increased. 

The  value  for  our  substrate  doping  is  15.4  V/pm 
The  ideal  breakdown  voltage  value  for  a  plane  structure 
p-n-n^  uniformly  doped  and  with  a  depth  junction  of 
100  pm  is  6500  V  This  value  is  critically  determined 
from  the  wafer  thickness.  520  pm. 

In  fig.  5  the  reverse  current-voltage  characteristic  is 
shown,  the  breakdown  occurs  at  ~  5  X  10^  V,  Solving 
p-  .iierically  the  Poisson  equation  with  the  experimental 
I  aron  concentration  profile,  as  obtained  by  SRP  meas¬ 
urements,  it  was  possible  to  determine  that  a  partial 
depletion  of  the  surface  80  keV  B  implanted  region  is 
responsible  for  the  breakdown  voltage  value.  To  reach 
the  ideal  breakdown  voltage  it  would  be  necessary  to 
control  also  the  curvature  of  the  near-surface  region  by 
means  of  a  floating  field  plate. 


6 

< 


REVtHSE  VOLTAGE  (*  10' V): 

Fig.  5.  Cut  rent- voltage  charactenstic  for  a  reverse  bias  of  the 
diode. 


5.  Conclusions 

Very  high  energy  boron  implanted  distributions  have 
been  experimentally  studied  using  two  difierent  tech¬ 
niques:  spreading  resistance  profilometry  and  secondary 
ion  mass  spectrometry.  Cnanneling  effects  must  be  con¬ 
sidered  also  at  these  energies  where  the  slowing-down 
processes  are  purely  electronic  to  justify  the  concentra¬ 
tion  profile  shape  when  the  B  beam  is  normal  to  the 
sample  surface.  In  particular  in  this  case  a  ~  25% 
reduction  in  the  electronic  stopping  power  was  evaluated 
in  comparison,  with  that  experienced  in  an  amorphous 
medium. 

Avoiding  the  channeling  effect  the  distribution  can 
be  quantitatively  approximated  by  a  theoretical  distri¬ 
bution  based  on  smgle  scattering  and  LSS-Bethe- Bloch 
approximation  for  the  electronic  stopping  power,  while 
the  experimental  straggling  is  well  fitted  by  a  pure 
electronic  straggling. 

As  an  application  of  these  high  energy  implants  a 
family  of  diodes  was  constructed.  Multiple  MeV  B 
implants  were  employed  to  obtain  a  “  Tunnel”  design  of 
the  structure  to  increase  the  effective  curvature  radius 
of  the  doped  regions.  A  breakdown  voltage  of  -  5  X  10^ 
V  was  obtained,  this  value  is  ~  75%  of  the  ideal  calcu¬ 
lated  breakdown  voltage  of  a  p-n-n^  plane  structure. 
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Very  lev  energy  (  <1  keV)  ion  implantation  has  been  carried  out  on  both  crystalline  and  silicon-preamorphized  silicon  The 
amorphous  layer  depth  was  determined  using  Ruthc.ford  backscattering  analysis  (RBS)  The  penetration  depth  and  channelling  tail 
of  B*  ions  into  silicon  was  studied  as  a  function  of  ion  energy  (100-2000  eV)  and  low  temperature  regrowth/annealing 
{T  <  6(X)°C),  using  secondary  ion  mass  spectroscopy  (SIMS)  These  studies  also  involved  low  energy  (40-60  cV)  ion  beam  deposition 
(IBD)  of  10-20  nm  isotopic  ‘**81  *  cap  layer  at  room  temperature  to  enable  accurate  SIMS  depth  profile  measurements  to  be  earned 
out  The  results  show  the  extent  of  the  channelling  tails  at  these  low  energies  and  indicate  that  sub  40  nm  p '  -n  junctions  with 
estimated  carrier  concentrations  as  high  as  10^“  cm  ’  can  oe  obtainec 


1.  introduction 

Fabricauon  of  shallow  p  junctions  with  profile 
abruptness  in  the  10  nm/decade  range  is  des’red  f  the 
miniaturization  of  conventional  and  novel  device.-  ■•a.sed 
on  multilayer  structures  Among  the  acceptor  impuri¬ 
ties.  boron  is  most  widely  used  in  silicon  device  technol¬ 
ogy  However.,  boron  is  not  easily  evaporated  from  a 
usual  Knudsen  cell,  because  of  its  high  evaporation 
temperature  (1200-20C0°C)  In  recent  years,  to  over¬ 
come  such  problem,  low  energy  ion  implantation  during 
silicon  MBE  has  become  widely  used  [1-3].  Even  so, 
shallow  p’^-n  junctions  are  still  difficult  to  manufac-- 
ture,  becau.se  the  common  p-type  dopant,  B,  channels 
easily  in  the  silicon  lattice  which  sets  a  lower  limit  to  the 
formation  of  shallow  B  profiles  [4-6].  Different  ap¬ 
proaches  have  been  made  to  minimize  the  channelling 
in  crystalline  silicon  when  implanted  with  ions  at  en¬ 
ergies  higher  than  10  keV  The  more  commonly  used 
one  is  to  tilt  the  substrate  1°  off  normal  incidence  with 
ar.  arbitrary  azimuthal  rotation  angle  [7],  However  to 
obtain  shallow  junctions  in  the  50  nm  region  or  below, 
much  lower  ion  energies  must  be  used  ( <  2  keV).  In  this 
case  the  channelling  tails  of  implanted  light  atoms  such 
as  boron  may  be  expected  to  remain  a  major  problem 
since  the  critical  angles  for  channelling  become  suffi¬ 
ciently  large  for  ions  to  be  scattered  into  the  open  Si 
channels  regardless  of  the  substrate  tilt  [8).  Another 
useful  technique  is  to  prearmophize  silicon  (usually  with 
group  IV  ions:  Si  or  Ge)  before  the  B^  and/or  BF,'^ 
implantation  [9,10],  Although  heavier  atoms  such  as  Ge 


and  Ga  might  have  advantages  over  Si  to  obtain  full 
amorphization,  they  can  produce  additional  damage 
[11.12]  which  will  affect  the  minority  carrier  lifetime  of 
.such  shallow  junctions  [11].  Thus  preamorphization  with 
silicon  itself  is  preferred.  It  has  also  been  shown  that 
silicon  preamorphized  via  .self  ion  implantation  provides 
full  dopant  activation  at  a  lower  annealing  temperature 
[13]  and  consequently  the  high  tempeiature  annealing 
(1000--1100°C)  required  for  device  quality,,  which  result 
in  much  deeper  junctions  [14],  might  not  be  necessary. 

In  this  work,,  a  combination  of  very  low  energy 
boron  implantation  (100-  2000  eV)  and  low  temperature 
(<600°C)  in  situ  silicon  regrowth  has  been  used  to 
investigate  the  effect  of  preamorphization  on  the  boron 
distribution  at  these  low  energies  and  to  obtain  p*-n 
junctions  with  depths  as  shallow  as  40  nm  and  below.. 


2.  Experimental  procedure 

A  senes  of  phosphorus-doped  (5-7  and  200-500 
fiem)  Si(ltX))  wafers  were  implanted  with  B  ions  at 
energies  between  100  and  2000  eV  using  a  low  energy 
implanter  [15].  Preamorphization  was  carried  out  using 
Si  ion  bombardement.  The  depth  of  the  resulting 
damaged  region  was  determined  using  Rutherford  back- 
scattering  spectrometry  (RBS)/channelling  with  a  2 
MeV  He^  ion  beam.  Recrystallization  of  the  amorphous 
layer  and/or  dopant  activation  was  done  m  situ  by 
annealing  at  550  °C  for  20  min.  All  samples  were 
stripped  of  their  oxide  layers  by  immersion  in  a  hydro- 
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fluoric  acid  solution  followed  by  a  deionised  water  rinse 
and  were  finally  dipped  in  methanol  and  dried.  In  situ 
thermal  cleaning  at  850-900  °  C  for  20  min,  was  carried 
out  before  implantation.  The  system  base  pressure  was 
2  X  10”'°  mbar,  and  during  implantation  the  pressure 
increased  to  10”’  mbar.  Preamorphization  of  the  sam¬ 
ple  was  achieved  using  a  10  keV  ^*Si  *■  beam  at  a  dose  of 
5  X  lO'*  cm”^.  The  ion  beam  current  density  was  below 
0.6  |iAcm”^  which  prevented  sample  heating  during 
amorphization 

In  order  to  make  accurate  comparisons  between  B 
implants  into  preamorphized  and  crystalline  Si,  only 
half  of  the  sample  was  bombarded  by  Si  by  moving  the 
target  partly  out  of  the  rectangular  cross  section  Si 
beam  after  which  the  whole  sample  was  B  implanted. 
This  novel  approach  mininuzes  the  possible  causes  of 
misinterpretations  so  that  the  influence  of  preamorphi¬ 
zation  on  dopant  channelling  and/or  dopant  diffusion 
can  be  clarified. 

Boron  "B  was  implanted  at  several  energies  ranging 
from  100  eV  to  2  keV  and  at  dose  levels  from  2  X  lO'' 
to  1  X  lO'^  cm”‘.  The  B  beam  current  density  was 
about  0.08  fiAcm”^.  The  ion  beam  width  and  heigh 
were  1  and  2  cm  respectively.  Following  boron  implan¬ 
tation.  in  situ  thermal  annealing  at  550  °C  was  used  for 
20  min  to  regrow  the  crystal  by  solid  phase  epitaxy 
(SPE)  (13)  and  remove  the  damage  created  b>  both  Si 
and  B  implantations.  Finally  the  samples  were  covered 
by  a  10-20  nm  isotopic  ^*Si  cap  layer  grown  at  room 
temperature  (RT)  by  ion  beam  deposition  ;IBD)  [16,17] 
at  a  energy  in  the  range  of  40-60  eV.  This  technique 
allows  the  equilibration  of  the  altered  layer  in  SIMS  due 
to  oxygen  bombardement  which  is  necessary  to  give 
hig' ...  constant  ion  yields,  pnor  to  the  erosion  reaching 
the  onwr^l  surface.  This  latter  is  marked  by  the  onset 
of  the  31  signal.  This  procedure  enables  measurements 
of  shallow  profiles  to  be  obtained  without  distortion 
due  to  matnx  effects. 


3.  Results  and  discussion 

Fig.  1  shows  an  aligned  RBS  spectrum  obtained  for 
two  different  samples  implanted  with  10  keV  ^^Si''  to 
doses  of  1  X  lO'^  and  5  X  lO’^  cm"^.  The  surface  peak 
height  reaches  the  silicon  random  level  confirming  that 
a  complete  and  continuous  amorphous  layer  was  ob¬ 
tained  for  both  bombardments.  Some  carbon  and 
oxygen  are  also  present  at  the  surface.  These  contami¬ 
nants  are  mainly  produced  during  the  transfer  and  RBS 
analysis  of  the  sample  rather  than  during  implantation. 
From  the  RBS  spectrum  the  thickness  of  the  amorphous 
layer  was  estimated  to  be  25  and  18  nm  for  higher  and 
lower  doses,  respectively.  Since  all  boron  implants  were 
carried  out  in  samples  preamorphized  witVi  the  higher 
silicon  dose  (5  X  lO’^  cm”^),  the  preamorphized  depth 


Fig.  1.  RBS  spectra  obtained  from  two  samples  preamorphized 
by  silicon  ion  implantation  at  10  keV  and  doses  of  5x10’* 
cm“^  (sample  A)  and  1  xl0'*cm  '  (sample  B) 


layer  was  sufficient  to  contain  the  entire  range  of  the 
implanted  boron,  thus  eliminating  boron  channelling 
[18]. 

Figs  2.  3  and  4  show  the  boron  profiles  obtained, 
using  a  Cameca  IMS  4f  at  2  keV  primary  ions  and 
0.1  pA,  on  both  amorphous  and  crystalline  silicon  for 
samples  implanted  with  B^  at  various  energies  and 
doses.  In  some  samples  (see  fig.  3).  a  variation  in  the 
thickness  of  the  silicon  cap  layer  does  exist  as  a  conse¬ 
quence  of  a  nonuniformity  of  the  Si  beam  during  cap¬ 
ping.  This  does  not  affect  the  determination  of  the 
interface  which  is  characterized  by  the  appearance  of 
the  ’’’Si  signal.  As  shown  in  fig.  2.  for  a  2  keV  boron 
implant,  the  effect  of  channelling  into  the  crystalline 


2  keV)  with  (solid  line)  and  without  (dashed  line)  Si  pre¬ 
amorphization. 
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Table  1 

Comparison  between  the  experimental  projected  range  and 
the  calculated  one,  using  PRAL  (19),  at  low  energy  boron 
implantation 


B  energy 

«p[Al 

calculated  [19] 

expenmental 

200  eV 

18 

55 

500  eV 

33 

60 

1  keV 

54 

85 

2  keV 

94 

137 

silicon  (dashed  line)  is  as  expected,  far  more  significant 
than  in  the  preamorphous  region  (solid  line)  and  the 
broad,  long  tailed  implant  distribution  is  characteristic 
of  channelling  effects  seen  at  higher  energies.  The  depth 
of  the  junction  defined  at  the  background  concentration 
of  1  X  lO'®  cm  for  the  amorphous  region  is  approxi¬ 
mately  half  that  in  the  crystalline  one.  In  table  1  the 
present  experimental  values  of  /?p  are  reported  (/?p  is 
the  boron  projected  range).  These  values  are  rather 
large  compared  to  the  calculated  one  using  PRAL  [19] 
and  the  difference  increases  at  lower  energy.  One  possi¬ 
ble  reason  for  this  lack  of  agreement  is  that  the  physical 
basis  of  fast  simulation  codes  used  in  PRAL  becomes 
less  realistic'  at  low  energies.  However,  defect-related 
diffusion  process  may  also  be  important  in  determining 
the  form  of  the  boron  distribution  in  both  the  initially 
crystalline  and  preamorphous  samples  and  may  distort 
the  effects  of  channelling  In  the  prearrorphized  sam¬ 
ples.  no  boron  channelling  would  be  expected.  During 
post  implantation  annealing,  even  though  SPE  does  not 
lead  to  redistribution  of  the  implant,  the  remnant 
damage  close  to  the  surface,  may  affect  the  final  boron 
distnbution.  This  damage  has  been  reported  by  Maz- 
zone  [20]  and  Servidon  and  co-workers  [21]  who  identi¬ 
fied  It  as  a  vacancy-rich  region.  Incomplete  annealing  of 
very  low  energy  damaged  silicon  has  also  been  investi¬ 
gated  by  Al-Bayati  and  co-workers  [22]  who  observed 
highly  stable,  near-surface  damage  following  annealing 
at  temperatures  up  to  900  °C.  The  precise  contribution 
of  defect-related  diffusion  is  difficult  to  assess  but  the 
main  features  of  the  data  shown  in  figs,  i  and  4  can  be 
explained  in  terms  of  channelling  effects.  At  the  low 
energies  used,  the  large  critical  angles  for  channelling, 
which  would  enhance  the  effect,  are  compensated  by  the 
large  scattenng  cross  sections  which  would  tend  to  lead 
to  rapid  de-channelling.  Hence  in  view  of  these  cross 
sections  it  is  expected  that  ions  incident  on  either  the 
crystalline  or  amorphous  samples  would  initially  have 
similar  scattering  probabilities.  Thus  the  range  distribu¬ 
tions  close  to  the  surface  would  be  the  same  as  is 
observed.  However,  for  the  crystalline  sample,  ions  inci¬ 
dent  close  to  the  centre  of  channels  may  travel  a  consid- 


500  eV)  with  (.solid  line)  and  without  (dashed  line)  Si  pre- 
amorphization 


erable  distance  before  de-channelling  because  of  the 
large  effective  critical  angles,  i.e,  they  may  be  hyper- 
channelled.  These  particles  are  not  stopped  in  the  im¬ 
mediate  subsurface  region  and  the  observed  depth  dis¬ 
tribution  would  fall  below  that  for  the  amorphous  sam¬ 
ple.  This  contrasts  with  the  conventional,  high  energy 
situation.  In  fig.  2.  the  smaller  critical  angles  lead  to 
more  uniform  de-channelling  with  depth  and  a  chan¬ 
nelled  range  distribution  which  is  always  broader  than 
that  for  the  amorphous  target  The  channelled  particles 
in  the  low  energy  situations  are  eventually  stopped  at 
greater  depths  and  make  up  the  observed  tails  in  the 
distributions  which  extend  beyond  the  range  in  the 
amorphous  material. 


Fig.  4.  SIMS  profiles  of  B-implanted  sample  (6  X  10'‘'  cm  '  ^  at 
200  eV)  with  (solid  line)  and  without  (dashed  line)  Si  pre- 
amorphization 
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4.  Conclusion 

It  is  shown  in  the  present  results  that  preatnorphiza- 
tion  is  not  an  important  process  in  reducing  the  junc¬ 
tion  depth  at  very  low  boron  energies  ( <  500  eV).  This 
is  different  from  the  situation  observed  at  2  keV  and  at 
the  much  higher  energies  reported  in  the  literature 
(10,18,23]  where  preamorphization  leads  to  a  significant 
reduction.  It  is  also  shown  that  shallow  p^-n  junctions 
with  20  nm  full  width  at  half  maximum  (FWHM)  are 
obtained.  Using  a  four-point  probe  sheet  resistance 
measurement  on  similar  samples  with  no  Si  cap  layer 
and  annealed  at  600  °  C  for  20  min,  a  earner  concentra¬ 
tion  of  lO'”  cm  '^,-  estimated  from  a  sheet  resistance  of 
750  n/D  [24],  was  obtained.  This  value  was  an  average 
of  four  measurements  taken  on  different  spots  of  the  1 
cm’  sample.  Differences  between  these  measurements 
were  less  than  10%. 

Despite  the  .shallow  p’^-n  junctions  obtained,  a  small 
percentage  of  the  dopant  particles  introduced  at  low 
energies  do  penetrate  to  depths  significantly  beyond  the 
mean  projected  ra.nge..  For  200  eV  B  bombardment, 
dopant  concentiabon  in  excess  of  lO'*  cm’"'  persist  at 
depths  greater  than  80  nm.  To  date  the  data  cannot 
confirm  the  mechanism  by  which  the  particles  reach  this 
depth  but  channeling  rather  than  some  form  of  radia¬ 
tion  enhanced  diffusion  either  during  implantation  or 
annealing  is  considered  to  be  the  most  probable  ex¬ 
planation. 
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V.  HaSlar  P,  Seidl  P.  Hazdra  R.  Gwilliam'  and  B.  Sealy 

"  Ion  Implantation  Laboratory.  Czech  Technical  University  Prague,  Suchhdiarova  2.  166  27  Praha  6,  Czechoslovakia 
^  Department  of  Microelectronics,  Czech  Technical  University  Prague,  Suchhatarova  2,  166  27  Praha  6,  Czechoslovakia 
‘  Department  of  Electronic  and  Electrical  Engineering,  Univeisily  of  Surrey,  Guildford,  Surrey  GU2  5XH,  UK 


Shallow  p*  n  junctions  were  produced  in  silicon  by  dual  Ge/B,  Sn/B  and  Pb/B  implants  followed  by  RTA  or  FURIA  annealing 
Electrical  properties  ('heet-resistance  and  l-V  charactenstics)  of  fabncated  shallow  junctions  were  investigated  for  each  of  the 
preamorphizing  elements  and  different  types  of  annealing.  The  analytical  techniques  used  include  DLTS  as  well  for  monitonng  the 
defect  structure  m  the  vicinity  of  the  junction  The  results  are  discussed  for  different  amorphizing  and  annealing  conditions  from  the 
viewpoint  of  literature  data. 


1.  Introduction 

Shallow  source/drain  junctions  are  one  of  the  key 
requirements  for  VLSI  technologies  as  a  result  of  so- 
called  scaling  laws.  At  present  ton  implantation  is  the 
best  controlled  technique  for  semiconductor  doping  and 
its  use  for  shallow  junction  formation  has  been  exten¬ 
sively  studied  during  the  last  decade.  The  attention  has 
been  paid  especially  to  shallow  p^n  junctions  which  are 
difficult  to  form  due  to  the  significant  channeling  of 
boron  at  low  energies  [1].  One  approach  to  the  problem 
IS  to  replace  boron  by  molecular  or  heavy  ions  such  as 
[2)  and  Ga'^  [3].  Another  way  is  to  amorphize  the 
substrate  by  an  implantation  of  heavy  ions  pnor  to  the 
boron  implantation  [4].  The  major  problem  in  this  tech¬ 
nique  IS  the  presence  of  various  classes  of  implantation 
defects  which  may  enhance  boron  diffusion  [5)  and 
strongly  affect  the  electncal  properties  of  the  junction 
[6].  Obvious  candidates  for  preamorphtzation  in  silicon 
were  the  elements  from  group  IV  of  the  periodic  table: 
Si  and  later  Ge  [6-8].  More  recently  Sn^  preamorphiza- 
tion  has  been  examined  [9,10]  with  very  good  results  in 
terms  of  the  magnitude  of  reverse  leakage  currents.  An 
explanation  of  the  results  was  given  in  ref.  [10]  by  the 
suppression  of  the  generation  efficiency  for  centers  close 
to  the  junction  in  the  moderately  lightly  doped  sub¬ 
strates. 

The  aim  of  this  paper  is  to  compare  the  effect  of 
preamorphization  by  three  different  elements  (Ge,  Sn, 
Pb)  from  the  viewpoint  of  electrical  properties.  The 
conditions  of  preamorphization  were  chosen  to  be  prac¬ 
tically  identical  in  terms  of  amorphous  layer  depths. 

2.  Experimental 

The  substrate  used  was  CZ  n-Si  with  a  resistivity  of 
3  5-5.5  flem  and  (100)  orientation.  A  thick  (450  nm) 


Table  1 

The  parameters  of  preamorphizing  implants  ( E'  ion  energy. 
Af)!  implanted  dose,  Rp  and  8Rp  mean  projected  range  and 
standard  projected  deviation,  respectively,  after  the  removal  of 
screening  oxide) 


Ion  E 

^v> 

Measurement 

Simulation 

[keV] 

[10'' 

(SIMS) 

(TRIM  88) 

cm  ') 

Up  6Rp 

[nm]  [nm] 

[nm]  [nm] 

'^Ge^ 

70 

1 

37 

31  6 

38.2 

18  5 

’-"Sn^ 

98 

1 

37  5 

20 

38,5 

14  9 

'"'‘Pb' 

150 

07 

47  2 

16  1 

43.3 

126 

oxide  film  was  grown  in  wet  oxygen  on  the  surface  of 
the  wafer.  The  windows  for  five  different  diode  struc¬ 
tures  of  areas  ranging  from  2.6  X  10  to  .34.2  X  10 
cm'  with  perimeters  from  0.064  to  0.234  cm  were  opened 
in  the  oxide  by  photolithography.  After  cleaning  and 
growing  of  15  nm  thick  thermal  screening  oxide,  pre¬ 
amorphization  was  carried  out  with  the  parameters  given 
in  table  1.  The  parameters  were  determined  on  the  basis 
of  optimum  Ge  preamorphization  for  10  keV  boron 
implantation  as  given  by  Ozturk  et  al.  [11],  using  the 
empirical  recipe  of  Thornton  et  al.  [12]  for  a  safe 
amorphization  dose  and  the  depth  of  the  amorphous 
layer,  and  verified  by  the  Monte  Carlo  simulation  pro¬ 
gram  TRIM  88  [13].  According  to  TRIM  88  the  thick¬ 
ness  of  the  amorphous  layer  in  silicon  should  be  within 
75-85  nm  for  all  three  implants.  After  preamorphiza¬ 
tion  "B  was  implanted  at  10  keV  at  a  dose  of  1  X  lO’^ 
cm~\  The  implantations  were  done  at  a  tilt  angle  of  7  ° 
and  the  implanter  beam  current  was  kept  below  1 
pA/cm^.  Three  types  of  annealing  were  used:  (1)  RTA 
(1050°C/10  s,  see  ref.  [11]),  (2)  two-step  (2ST)  anneal- 
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ing  (furnace:  550°C/30  min  +  RTA ■  1050® C/10  s) 
and  (3)  FURIA  (furnace  rapid  isothermal  annealing)  at 
1050  °C  for  10  s.  The  annealing  was  performed  in  a 
nitrogen  ambient.  The  SHS  1000  AST  system  was  used 
for  RTA  with  a  mean  ramp  rate  of  120°  C/s.  Before  the 
measurements  the  screening  oxide  was  removed  and  the 
diode  structures  were  contacted  by  a  tungsten  tip.  The 
I-  V  charactenstics  were  measured  by  an  HP  4140B 
pA-meter  and  for  DLTS  measurements  a  DLS-82E 
SemiTrap  spectrometer  was  used  at  standard  conditions 
( frequency  480  Hz,  temperature  ranging  from  78  to  350 
K). 

The  samples  used  for  SIMS  and  sheet-resistance 
measurements  "’re  prepared  analogically  without  any 
patterning,  'JIMS  profiles  were  measured  with  the 
CAMECA  >ystem  using  bombardment  by  10  and  15 
keV  0“^  anc.  :5  keV  Cs^  primary  beams. 


3.  Resu.ts  and  Discussion 

The  as-implanted  profiles  of  boron  for  all  three  types 
of  amorphizations  as  measured  by  SIMS  after  the  re¬ 
moval  of  screening  oxide  are  shown  in  fig  1  and  the 
corresponding  profile  parameters  are  given  in  table  2 
According  to  TRIM  88  Rp  and  8Rp  in  silicon  arc  equal 
to  29.6  and  21.4  nm.  respectively,  which  is  in  good 
agreement  with  the  results  of  ref.  [11], 

Areal  junction  leakage  densities  at  -5  V  were 
obtained  by  plotting  the  reverse  current  against  the 
junction  area  The  standard  deviation  of  was  found 
to  be  within  30%  of  the  mean  value  across  the  wafer. 
The  areal  leakage  values  together  with  the  correspond¬ 
ing  sheet  resistance  are  given  in  ta'  le  3. 

The  C-V  measurements  at  room  temperature  did 
not  reveal  any  influence  of  different  types  of  pre- 
amorphizations  and  annealings  on  carrier  concentration 


cm  ■ )  for  diflerenl  types  of  preamorphizations 


in  depths  of  more  than  0.6  [am  below  the  junction.  The 
DLTS  spectra  of  samples  after  2S'’,  annealing  and  RTA 
measured  to  0.85  ixm  beyond  the  junction  position 
showed  minority  carrier  traps  in  the  concentration  of 
~  lO'"’  cm"  ’  (fig.  2)  associated  probably  with  the  deep 
donors.  In  the  case  of  FURIA  the  shape  of  the  DLTS 
spectra  is  slightly  different  (see  fig.  3),  the  concentration 
of  deep  donors  being  lower  by  one  order  of  magnitude. 
The  "omplexity  of  the  DLTS  spectra  suggests  that  the 
origin  of  DLTS  signal  is  caused  by  defect  clusters  rather 
than  by  isolated  defects  In  Pb^  amorphized  samples  an 
electron  trap  emission  peak  was  detected  at  85  K 
(activation  energy  0  17  eV,.  capture  cross  section  6x 
10" '"^cm"^)  with  the  concentration  profile  extending  to 
1.5  (im  below  the  junction  According  to  ref.  [14]  this 
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Fig.  2  DLTS  spectra  of  RTA  annealed  .samples  (1050° C/10  s  in  nitrogen);  reverse  bias  -  0  4  V,  filling  pulse  10  mA/100  jis 
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fable  2 

The  parameters  of  as-implanled  boron  profile  in  silicon  de¬ 
termined  by  SIMS  for  different  amorphization  conditions 


Amorphization 

Rp  [nm] 

8Rp  [nm] 

Ge 

26.4 

22 

Sp 

25 

15.6 

Pb 

22  2 

15.1 

Table  3 

The  values  of  areal  leakage  current  density 
resistance  R,  for  different  annealing  conditions 

If,  and  sheet 

Amorphi-ralion 

Annealing 

If,  [nA/cm^] 

R,  [Q/O] 

Non, 

2ST 

9 

108 

RTA 

15 

107 

FURIA 

1.1 

493 

Ge 

2ST 

18 

109 

RTA 

14 

no 

FURIA 

1.3 

126 

Sn 

2ST 

7.6 

115 

RTA 

7.0 

114 

FURIA 

23 

146 

Pb 

2ST 

170 

120 

RTA 

160 

117 

FURIA 

50 

221 

peak  corresponds  to  the  lead  acceptor  level  in  Si.  This 
finding  IS  consistent  with  the  depth  profiles  of  Pb  and  B 
in  RTA  samples  (fig  4). 

The  given  results  indicate  that  there  is  no  significant 
difference  between  2ST  annealing  and  RTA.  In  ad¬ 
dition,  B  and  Ge/B  implants  have  comparable  values  of 
If,  and  suggesting  that  the  properties  of  Ge/B 
samples  may  not  be  influenced  pnmarily  by  pre- 
amorphization  but  more  probably  by  annealing  The 
moderate  decrease  of  in  the  Sn/B  set  compired  to 


(1050°  C/10  s  in  nitrogen) 


the  Ge/B  results  could  be  due  to  more  pronounced 
free-hole  suppression  of  generation  current  [10]  or  more 
complete  defect  removal.  The  first  possibility  suppo.ses 
enhanced  boron  movement  already  described  in  Sn-im- 
planted  samples  [10]  which  could  be  verified  only  by  the 
junction  depth  mea.surements.  The  same  reason  can 
explain  the  low  values  of  leakage  current  der.  ity  for 
FURIA  samples.  This  viewpoint  is  supported  by  the 
considerable  boron  diffusion  in  Pb/B  samples  during 
RTA  (fig  4):  using  a  background  concentration  of 
1  X  lO’*’  cm”'’  the  junction  depth  is  260  nm,  while  in 
Ge/B  samples  under  the  same  experimental  conditions 
the  junction  depth  is  reported  to  be  only  about  200  nm 
[11]  The  leakage  current  in  Pb/B  samples  is  probably 
increased  by  the  lead  profile  extending  deeply  beyond 
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the  boron  junction.  Thus  it  seems  that  higher  ^Jj-values 
in  Sn-  and  Pb-implanted  samples  can  only  hardly  be 
explained  by  the  lower  junction  depth  but  rather  by  the 
lower  dopant  activation  (this  is  the  case  of  the  non-pre- 
amorphized  FURIA  annealed  sample  where  the  pre¬ 
liminary  results  of  electrochemical  profiling  revealed 
considerably  lower  surface  concentration)  or  higher  de¬ 
fect  concentration  in  the  p"^  layer  (the  effect  of  low 
solubility  of  Sn  and  Pb  in  silicon  combined  with  the 
possible  effect  of  recoiled  oxygen  from  the  screening 
oxide). 
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Sublimation  and  diffusion  of  arsenic  implanted  into  silicon  at  rapid 
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Properties  of  silicon  layers  implanted  with  As'^  tons  (100  keV,  10“  cm‘^)  thro  igh  30  nm  SiO;  film  and  annealed  in  vacuum  by 
means  of  a  15  s  duration  electron  beam  were  studied  using  Rutherford  backscattenng  plus  channeling  and  electrical  measurements 
The  influence  of  the  irradiation  conditions  on  As  activation,  diffusion  and  sublimation,  as  well  as  on  the  crystal  structure  perfection 
of  the  samples  are  discussed.  Results  have  been  obtained  which  testify  to  As  sublimation  and  diffusion  in  connection  with  its 
deactivation  in  the  area  of  realization  of  an  electrically  active  As  nonequilibrium  concentration. 


1.  Introduction 

It  is  established  [1-4],  that  the  annealing  of  im¬ 
planted  layers  of  Si(As^)  using  pulse  annealing  (10 
ns-1  ps)  or  certain  conditions  of  rapid  thermal  anneal¬ 
ing  (RTA)  result  in  the  realization  of  a  nonequilibrium 
concentration  of  electrically  active  As.  However,  further 
thermal  treatments  (as  well  as  RTA  duration  increase) 
result  in  an  impunty  deactivation  and  the  obtaining  of 
an  equilibrium  concentration  value  (3  X  10^®  cm at 
1370  K).  When  the  As  concentration,  as  implanted,  m  a 
distribution  maximum  exceeds  A^,n„  =  4xl0^®  cm'‘^• 
an  enhanced  As  diffusion  into  the  Si  bulk  is  observed 
during  a  photon  annealing  process  (PA),  but  no  As 
sublimation  occurs  usually  [3],  Whereas,  using  an  elec¬ 
tron  beam  annealing  (EBA),  one  does  not  observe  con¬ 
siderable  As  atom  diffusion  into  the  bulk,  as  a  rule,  and 
a  certain  part  of  these  atoms  sublimate  [4],  This  report 
is  devoted  to  elucidating  the  reasons  for  the  aforesaid 
peculiarities  in  the  As  atom  behaviour  in  Si  at  EBA,  as 
well  as  to  investigate  possible  connections  between  the 
deactivation,  sublimation  and  impurity  diffusion 
processes. 

2.  Experimental 

(100)  Si  was  implanted  with  As^  ions  (£=  100  keV, 
1  X  10“cm~^,  =  1.5  X  10^' cm'^)  through  an 


S1O2  film  (30  nm).  The  annealing  of  samples  was  made 
by  a  15  s  duration  electron  beam.  The  temperature  of 
the  samples  reached  T^ax  “  1400  or  1490  K.  The  dwell 
time  at  these  temperatures  was  5  s.  Two  sample  pairs 
were  irradiated  simultaneously.  The  film  was  previously 
removed  from  the  surface  of  one  sample  pair  and  pre¬ 
served  on  the  other  one  to  capsulate  surfaces  at  the 
annealing.  One  sample  fri^m  each  pair  was  irradiated 
from  the  implanted  layer  (front  to  beam)  and  the  other 
from  the  back  side  (back  to  beam).  The  samples  were 
investigated  by  the  Van  der  Pauw  method  and  Ruther¬ 
ford  backscattering  spectroscopy  (RBS)  plus  channeling 
of  He"^  10ns  (1.7  MeV), 


3.  Results 

The  analysis  of  RBS  spectra  yielded  the  values  of 
-  0.04  at  =  1400  K,  and  0.03  at  =  1490 
K.  These  values  of  Xmm  show  the  high  quality  of  the 
crystal  structure  in  tne  recrystallized  layer.  Besides,  the 
quality  of  the  crystal  structure  does  not  depend  on  the 
direction  of  irradiation  as  well  as  the  presence  of  an 
S1O2  cap  layer,  being  only  determined  by  the  annealing 
temperature.. 

After  the  annealing  at  Tp,,,  =  1400  K  only  50-60% 
of  the  As  atoms  being  in  substituting  positions  are 
electrically  active,  so  the  decrease  in  electrical  activation 
at  this  temperature  can  be  partially  associated  with  the 
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Fig.  1  RBS  and  channeling  spectra  of  As  implanted  Si  irradia¬ 
ted  from  the  implanted  layer'  (1,3)  with  SiOj,  (2,4)  without 
SiOi;  (1,2)  random,  (3,4)  aligned.  =  1490  K 

formation  of  either  tmpunty-defeci  complexes  [Ij  or 
coherent  precipitates  [2].  Moreover,  the  area  density  of 
the  interstitial  As  in  the  samples  after  the  annealing  at 
K  under  the  SiOj  cap  (4X10'*  cm"^) 
considerably  exceeds  the  corresponding  As  concentra¬ 
tion  in  noncapsulated  samples  (0.45  X  10”cm"^).  These 
data  coincide  with  our  previous  data  [4]  and  they  con¬ 
firm  the  fact  that  As”^  deactivation  connected  witn  As 
displacement  into  the  interstices  is  also  realized.  If  the 
S1O2  film  impedes  the  following  sublimation  of  the  As 
atoms  from  St,  their  amount  in  channels  is  increased, 
RBS  and  He^  ion  channeling  testify  to  that  fact.  We 
also  think  that  no  As  atoms  from  the  Si  near-surface 
region  go  out  onto  the  surface  and  sublimate,  but  only 
those  from  the  interstices. 

The  RBS  spectra  characterizing  the  depth  distribu¬ 
tion  of  As  atoms  in  St  wafer  are  depicted  m  figs.  1  and 


Fig.  2.  RBS  and  channeling  spectra  of  As  implanted  Si  irradia¬ 
ted  from  the  back  wafer  side.  (1,3)  with  SiO,,,  (2,4)  without 
S1O2;  (1.2)  random,  (3,4)  aligned  =  1490  K. 


2.  The  results  obtained  from  the  analysis  of  these  spec¬ 
tra  are  presented  in  table  1.  Comparison  of  the  values  of 
and  Nf  show  that  after  the  annealing  at  =  1490 
K  all  the  As  atoms  in  substituting  positions  are  electri¬ 
cally  active.  So  at  this  temperature  the  deactivation 
mechanism  connected  with  the  As  atom  displacement 
into  the  interstices  may  be  considered  to  be  dominating. 
In  this  case,  after  the  annealing  under  the  SiOj  cap 
layers,  as  electrical  activity  reaches  about  90%  of  the 
implanted  As  dose,  while  at  the  annealing  without  Si02,’ 
it  decreases  to  45%  with  55%  implanted  10ns  sublimat¬ 
ing.  The  sublimation  intensity  is  considerably  decreased 
by  the  SiO,  film  capsulation.  Moreover  the  intensity  of 
sublimation  is  affected  by  the  radiation  direction:  the 
amount  of  sublimated  As  atoms  is  smaller  for  samples 
irradiated  from  the  implanted  layer  side.  This  effect  is 
more  noticeable  for  the  SiOj  capsulated  samples.  This 
can  be  explained  by  the  formation  of  a  thin  film  of 


Table  1 

Data  of  RBS  and  channeling  spectra  and  Van  der  Pauw  measurements  of  As  implanted  St  =  1490  K).  N,  and  are  the 
random  and  aligned  area  aensity  of  As  atoms,  respectively;,  /  =  (1  -  Xai)/(1  ~  Xmm)  >s  Ihe  fraction  of  As  atoms  on  lattice  sites; 
N,  -  N,f  IS  the  density  of  As  atoms  on  lattice  sites,  is  the  sublimated  density  of  As  atcins;  V,  is  the  sheet  carrier  concentration. 


Irradiation 

conditions 

N, 

(xlO'^cm"^) 

(xlO'^cm- 

/ 

•^1 

N, 

[xin’Vm" 

^,ubl 

(vio’^cm' 

N. 

“]  (xlO'^cm'^l 

With  S1O2 

front  to  beam 

9.4 

1.3 

0.89 

8.8 

0.6 

84 

back  to  beam 

8.1 

1.0 

0.91 

7.6 

1  9 

9.1 

Without  SiO, 

front  to  beam 

4.1 

0.7 

0.86 

3.7 

5.9 

45 

back  to  beam 

3.9 

0.4 

0.92 

3.6 

6.1 

4.9 
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polymerized  oil  from  the  residual  atmosphere  on  the 
surface  irradiated  by  the  electron  beam.  Perhaps  this 
film  covers  the  defects  in  the  Si02  cap  layer  formed  due 
to  the  As^  implantation,  thus  resulting  in  As  loss 
minimization  from  19  to  6%  of  the  implanted  As  oose. 

The  diffusion  of  As  is  also  dependent  on  the  condi¬ 
tions  on  the  implanted  layer  surface.  At  the  presence  of 
the  S1O2  film  at  =  1490  K,  an  enhanced  As  diffu¬ 
sion  in  the  Si  bulk  is  observed,  the  diffusion  coefficient 
being  .S=  3.6  X  10“'^  cmVs.  This  S  value  is  within 
the  range  of  (2.4-12)  X  10“'^  cmVs,  determined  in 
experiments  on  the  photon  annealing  of  similar  samples 
[5].  At  the  same  time  the  diffusion  of  As  into  the  bulk  is 
much  weaker  at  the  annealing  of  encapsulated  samples 
1.3  X  lO'^'^cmVs). 


4.  Discussion 

There  are  .some  different  models  "''-8]  and  their 
modifications  explaining  the  mechanism  of  the  en¬ 
hanced  impurity  diffusion  at  RTA.  The  results  we  have 
obtained  by  RTA  are  in  favour  of  the  interstitial  mecha¬ 
nism  of  diffusion,  whereby  substitutional  dopant  atoms 
are  displaced  from  site  to  site  by  passing  interstitials  [8] 
(relay-race  mechanism). 

The  spectra  analysis  of  RBS  and  channeling  of  He"^ 
ions  show  that  m  Si(As^)  samples,  being  in  a  thermo¬ 
dynamical  equilibrium  state,  the  ratio  of  the  As  con¬ 
centration  m  the  interstitial  state  to  that  in  the  sub¬ 
stituting  state  (at  Xmm^OO^)  is  within  the  range  of 
0.01-0.1. 

The  deactivation  of  the  impurity  in  the  samples 
implanted  with  a  large  dose  of  As*  results  in  the 
appearance  of  a  non-equilibrium  As  excess  in  the  inter¬ 
stices,  which  has  a  tendency  of  being  ’‘dispersed”.  If 
sublimation  is  possible,  the  above-mentioned  ratio  at 
the  surface  is  sharply  diminished  and  there  occurs  a 
replenishment  of  the  near-surface  region  by  the  intersti¬ 
tial  atoms  using  the  relay-race-mechanism  As  a  result 


the  flux  of  excessive  interstitial  As  atoms  moves  toward 
the  surface.  If  the  surface  is  capsulated  this  ratio  is  not 
diminished  there  by  the  sublimation  and.  with  the  As 
reactivation  at  the  surface  being  excluded  due  to  the  As 
active  concentration  relaxed  to  the  equilibrium  value,  it 
is  thermodynamically  more  efficient  for  nonequilibrium 
interstitial  As  atoms  appearing  at  deactivation  to  dif¬ 
fuse  into  the  Si  bulk.  It  is  in  this  case  that  we  observe 
the  enhanced  As  diffusion  with  the  diffusivity  exceeding 
many  times  the  equilibrium  value  (defined  by  a  vacancy 
mechanism)  for  these  temperatures.  The  necessity  of  the 
realization  of  the  above-mentioned  ratio  results  in  the 
interstitial  As  atoms  reactivating  in  the  Si  bulk.  This 
process  increases  the  As  electrical  activity  in  the  S1O2 
capsulated  samples. 

Thus  the  peculiarities  in  the  behaviour  of  As  atoms 
in  Si(As'*)  at  the  PA  and  EBA  in  similar  regimes  are 
defined  by  different  conditions,  realized  on  the  im¬ 
planted  layer  surface,  as  far  as  at  the  photon  annealing, 
even  when  the  samples  are  not  previously  capsulated,  a 
S1O2  film  of  -  10  nm  is  formed  on  the  Si  surface, 
which  prevents  As  sublimation 
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A  study  IS  made  of  the  thermal-annealing  effects  on  the  electrical  and  structural  properties  of  heavily  damaged  silicon  layers 
induced  by  high-dose  arsemc  implantation.  The  combination  of  electrical,  transmission-electron  microscopy  (TEM)  and  tnple-crystal 
X-ray  diffraction  (TCD)  measurements  allows  us  to  separate  the  existence  of  a  local  impunty-activation  process  from  the 
amorphous-crystal  transformation  The  local  process  occurs  in  the  highly  damaged  surface  layer  induced  by  the  arsenic  implantation 
and  IS  efficient  well  below  the  solid-phase  epitaxy  transition  temperature.  It  is  suggested  that  point-defect  migration  should  play  an 
important  role  in  the  electncal-impunty  activation  at  low  annealing  temperatures 


1.  Introduction 

In  recent  years  ion  implantation  in  semiconductors 
has  received  great  attention.  Especially,  this  process 
provides  doping  techniques  with  several  potential  ad¬ 
vantages  over  standard  methods  used  in  device  fabrica¬ 
tion  Inherent  in  the  implantation  process  is  the  possi¬ 
bility  of  introducing  a  wide  range  of  atomic  species  into 
a  vanety  of  substrates  and  avoiding  certain  undesirable 
effects  that  accompany  the  classical  high-temperature 
diffusion  process.  However,  ion  implantation  has  the 
serious  disadvantage  of  creating  a  large  amount  of 
defects  and  even  surface  amorphization  of  the  target 
material  [1].  All  the  defects  introduced  dunng  the  ion 
implantation  considerably  alter  the  electrical  properties 
of  the  semiconductors  and  have  to  be  removed  by 
subsequent  thermal  annealing  in  order  to  enable  the 
implanted  atoms  to  take  a  substitutional  lattice  site  and, 
thereby,  achieve  a  complete  electrical  activation  of  the 
dopants. 

Details  concerning  the  post-implantation  thermal 
treatments  have  been  reported  for  most  of  the  common 
silicon  dopants;  however,  there  is  considerable  confu¬ 
sion  about  the  mechanisms  by  which  the  impurities  are 
electrically  activated  and  the  surface  layer  recon¬ 
structed. 


In  this  work,  electrical  and  physical  characterization 
methods  were  used  to  investigate  separately  the  roles  of 
these  two  distinct  processes. 


2.  Experimental 

Samples  were  realized  on  3.9  £2  cm  (100)  p-type 
silicon  substrate.  Prior  to  implantation,  the  wafers  were 
provided  with  a  40  nm  thick  SiOj  thermally  grown 
passivating  layer.  Arsenic  implantation  was  performed 
at  room  temperature,  at  various  doses  and  energies  (10'^ 
to  8x10'*,.  As^/cm^  150-200  keV).  After  implanta¬ 
tion,  the  samples  were  furnace-annealed  in  flowing 
nitrogen  under  different  conditions  (temperature;.  200- 
1100°C,  duration:  0-120  min).  The  spreading-resis¬ 
tance  measurements  were  carried  out  on  ASR-IOOB 
equipment  made  by  Solid  State  Measurements,  Inc.  The 
resistivity  profile  was  obtained  from  the  gros.'  spread¬ 
ing-resistance  curve  by  applying  the  local-slope  ap¬ 
proximation  of  the  Dickey  model  [2].  The  characteriza¬ 
tion  of  the  lattice  defects  induced  in  highly  arsenic-im¬ 
planted  samples  and  their  evolution  after  annealing  was 
made  by  triple-crystal  X-ray  diffraction  (TCD)  and 
transmission  electron  microscopy  (TEM)  experiments. 
From  the  former  technique,  the  nature  and  depth  posi- 
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the  sharp  a-c  interface,  no  resistivity  discontinuity  does 
appear  and  the  recrystalhzation  of  the  amorphous  layer 
seems  to  be  independent  of  the  dopant  electrical  activa¬ 
tion. 

The  above  results,  correlated  with  the  sheet-resis¬ 
tance  data  of  ref.  [4],  lead  us  to  conclude  that  this 
decrease  of  the  surface  resistivity  occurs  at  an  annealing 
temperature  around  420-430  °C  mainly  because  of  the 
electrical  activation  of  the  majority  of  the  impunty 
atoms  within  a  highly  damaged  surface  region  (100  nm 
thick  in  the  case  of  the  sample  shown  in  fig.  1). 

Thus  we  suggest  that  a  local  impurity  activation 
occurs  both  in  the  crystalline  and  in  the  amorphous 
regions  via  a  local  reconstruction  process.  Therefore,  the 
resistivity  p(x)  can  be  described  by  an  exponential 
kinetics  function  of  the  annealing  time  t  as  [4] 

p(x,  t)=-p,{x)  +  [p,(x)-Pf(x)]  exp[-r/T(Ar)].. 

(1) 

where  pf(x)  and  p,(a)  are,  respectively,  the  final  and 
initial  values  of  p(x)  and  t(a:)  is  the  relaxation  time 
constant  of  the  local  electrical  activation  process  at 
depth  .X  In  practice,  Pf(x)  is  given  by  the  resistivity 
profile  of  a  well-annealed  sample  and  p,(.r)  by  that  of 
an  unannealed  one.  In  this  context.  -( v)  can  be  repre¬ 
sented  by  an  expression  of  the  form  [5] 

with 


Fig  1  Re.siMivity  profiles  and  TF.M  micrographs  as  obtained 
after  various  isochronal  fl  h)  anneals  (2x10''*  AsVcm*,-  200 
KeV) 

tion  of  the  residual  strain  were  determined  by  the 
analysis  of  the  rocking  curves  obtained  by  using  a 
standard  (n.  -n,  n)  parallel  geometry  [3].  Cross-sec¬ 
tional  TEM  ob.servations  were  realized  to  obtain  the 
spatial  extent  of  the  defected  region  and  the 
amoprhous-layer  thickness  at  the  surface  of  the  im¬ 
planted  sample  both  before  and  after  thermal  anneal¬ 
ing.  In  addition,  in  situ  TEM  micrographs  were 
elaborated  in  order  to  investigate  the  kinetics  of  the 
recrystalhzation  by  solid-phase  epitaxy 


3.  Results  and  analysis 

In  fig.  1  resistivity  profiles  are  superimposed  on 
TEM  micrographs  obtained  for  a  n  -F  /p  sample  im¬ 
planted  at  2  X  10'“  As  and  isochronally  annealed 
(1  h)  at  different  temperatures.  After  annealing,  the 
surface  resistivity  of  a  low-temperature  annealed  sample 
(400  "C,  1  h)  drops  by  more  than  7  decades,  though  the 
surface  layer  is  still  amorphous.  Furthermore,  in  spite  of 


Z)(x)  =  D„(.x)  exp  .  (3) 

where  D{x)  and  N(x)  are.  respectively,  the  diffusivity 
and  concentration  of  the  point  defects  ensuring  the 
electrical  activation  of  the  impurities,  e  is  the  dielectric 
constant,  q  is  the  absolute  electron  charge  and  k  is  the 
Boltzmann  constrnt. 

The  activation  energy  has  been  determined  ex¬ 
perimentally  by  a  proper  analysis  of  the  Arrhenius  plot 
of  the  quantity 

0(^)  =  [p.(-«)-/>f(-')]/[p(^)-Pr(-^)]-  (4) 

As  a  result,  JJj  is  found  to  be  weakly  depth-dependent, 
always  smaller  than  0  8  eV  and  independent  of  the 
annealing  duration  (fig  2),  confirming,  therefore,  the 
consistency  of  the  kinetics  model  of  eqs.  (l)-(3)  with 
regard  to  its  time  dependence. 

Likewi.se.  the  variation  of  the  rela.xation  time  con¬ 
stant  with  depth,  t(x)  has  also  been  deduced  (fig.  3). 
t{x)  essentially  increases  when  going  from  the  surface 
towards  the  substrate.  This  feature  is  also  consistent 
with  the  adopted  local  relaxation  process  in  which  is 
shown  that  the  relaxation  time  constant  is  inversely 
proportional  to  the  diffusivity  and  the  concentration  of 
the  point  defect;-  involved  in  the  doping  activation. 
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Fig.  2.  Variations  of  activation  energy  with  depth  for 
sa-nples  implanted  at  5x10''*  AsVcm'  and  annealed  during 
30  and  60  min. 
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Fig.  3.  Variations  of  the  relaxation  time  constant  t  with  depth 
for  samples  implanted  at  5x10'''  AsVcm"  and  isochronally 
annealed  (1  h)  at  500  and  900  °  C 


Dept-ti  (run  7 

Fig.  4.  Mechanical  relative  strain  (a)  and  the  Debye -Waller  factor  (b)  profiles  as  obtained  by  TCD  measurements  for  samples 
implanted  at  1  XlO'*  As^/cm^  and  isochronally  annealed  at  500  and  1000°C. 
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Fig  5  Activation  energy  vanations  with  the  implantation 
dose  as  obta.ned  from  our  resistivity  data  '.depth  =  80  nm) 


and  from  SPE  studies 


Besides,  triple-crystal  X-ray  diffraction  experiments 
conducted  on  the  same  samples  enable  us  to  show  the 
depth  distribution  of  both  components  of  lattice  strain 
normal  to  the  surface  (<)  and  static  atomic  disorder 
through  the  Debye-Waller  factor  /’  =  exp(-Z,H)  {L^^ 
IS  the  mean-square  displacement  of  the  atoms  from 
theii  l?ttice  site)  induced  by  arsenic  implantation.  Fig.  4 
shows  the  results  of  TCD  analysts  for  a  low-tempcra- 
ture  annealed  sample  and  a  well-a  ;aled  one.  It  must 
be  pointed  out  that,  since  the  te'rahedral  radius  of 
arsenic  is  nearly  the  same  as  tha*  of  silicon,  substitu¬ 
tional  arsenic  does  not  change  the  lattice  constant  of  the 
implanted  layer.  Therefore,  the  TCD  data  are  actually 
indicative  of  the  lattice  distortion  due  to  the  implanta¬ 
tion-induced  defects.  In  particular,  the  negative  surface 
strain  is  likely  related  to  an  excess  of  vacancies  while 
the  positive  strain  is  associated  with  an  excess  of  inter¬ 
stitials. 

Moreover,  the  comparison  of  the  values  of  the 
activation  energy  of  fig.  2  with  those  of  the  usual 
point-defect  migrations  (0.25  eV  for  a  vacancy-intersti¬ 
tial  pair,  0.51  eV  for  a  silicon  interstitia',  0.8  eV  for  a 
vacancy- As  complex  and  0.33  eV  for  a  vacancy)  [6,7] 
suggests  tnat  the  migrating  species  involved  in  the 
activation  process  should  be  associated  with  a  vacancy 
and/or  an  interstitial  diffusion.  More  precisely,  in  view 
of  the  evolution  of  EJ,x)  it  can  be  concluded,  in 
agreement  with  the  TCD  data,  that  vacancy-like  defects 
are  presumably  the  dominant  species  in  the  first  lOO 
nm,  while  interstitials  seem  to  prevail  above  100  nm. 


Besides,  fig.  5  displays  the  values  of  the  activation 
energy  both  of  the  relaxation  time  constant  associated 
with  the  electrical  local  activation  process  and  of  the 
regrowth  velocity  corresponding  to  the  recrystallization 
mechanism  as  obtained  from  our  TEM  analysis  and 
from  the  literature  [8],  It  is  clear  from  fig.  5  that  the 
activation  energies  deduced  from  our  resistivity  data, 
£,  =  0.1 -0.5  eV,  are  in  any  case  much  smaller  than 
those  for  a  regrowth  process,  £g  =  2. 5-2.7  eV.  In  the 
former  case,  the  electrical  activation  of  the  imurity 
undergoes  via  a  low  energy  consumming  mechanism 
whereas,  in  the  latter  one,  the  solid-phase  epitaxy  in¬ 
volves  a  higher-energy-consuming  process  in  which  the 
reordering  at  the  interface  requires  the  breaking  of 
silicon  oonds  [9]. 


4.  Conclusion 

It  has  been  shown  that  the  dopant  electrical  activa¬ 
tion  in  highly  doped  arsenic  implanted  .silicon  is  inde¬ 
pendent  of  the  reconstruction  mechanism  occurnng  by 
solid-phase  epitaxy.  In  contrast,  the  impunty  activation 
process  has  been  shown  to  be  satisfactorily  described  by 
a  local  relaxation  model  in  which  the  relaxation  time  is 
inversely  proportional  to  the  diffu.sivity  and  the  con¬ 
centration  of  the  point  defects  leading  to  the  dopant 
incorporation.  Regarding  the  values  of  the  activation 
energies  found  for  this  process,  it  is  suggested  that  the 
migration  of  vacancies  and/or  silicon  interstitials  pre¬ 
sumably  plays  a  prevailing  role  in  the  impurity  activa¬ 
tion  process. 
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The  ion  implantation  of  indium  in  silicon  has  been  carefully  studied  using  ion  beam  analysis  uchniques  and  hyperfine 
interactions  The  perturbed  angular  correlation  (PAC)  method  provides  an  internal  monitoring  of  the  epitaxial  regrowth  and  gives 
information  about  the  annealing  process  In  the  present  work  results  are  presented  on  the  behaviour  of  the  epitaxial  regrowth, 
diffusion  and  lattice  location  o’"  indium  implanted  in  silicon  and  in  arsenic-preamorphized  silicon  Half  of  each  of  (1(X))  and  (111) 
oriented  silicon  wafers  have  been  preamorphized  using  a  lo'*  As*  lons/cm^  fluence  The  whole  wafer  was  subsequently  implanted 
with  the  same  fluence  of  In*  ions  Both  types  of  crystals  have  been  furnace-annealed  in  vacuum  and  studied  using  the 
RBS/channeling  technique.  Some  of  the  crystals  were  later  implanted  for  hyperfme-interaction  studies  using  the  PAC  technique  with 
a  low  dose  of  the  '"in  isotope.  Different  results  are  obtained  for  the  lattice  location,  diffusivity  and  damage  annealing  in  both  halves 
of  the  wafers  Evidence  is  shown  for  the  out-diffusivity  of  indium  in  the  indium-implanted  silicon  crystals  and  for  indium/ arsenic 
pair  formation  in  the  preamorphized  samples.  This  latter  effect  inhibits  the  out-diffusiviiy  of  the  indium  atoms  and  enhances  their 
substitutionality  in  the  silicon  lattice. 

1.  Introduction  (RBS)/channeling  and  perturbed  angular  correlation 

(PAC)  techniques  showed  that  only  a  small  fraction  of 
Low- and  high-dose  indium-implanted  silicon  crystals  indium  atoms  can  be  incorporated  in  regular  silicon 

have  been  recently  studied  [1-4],  using  different  tech-  lattice  sites  after  appropriate  annealing  treatments  [4], 

niques  and  a  great  variety  of  annealing  treatments.  This  fraction  is  strongly  dependent  on  the  crystal  type. 

These  studies  are  important  to  understand  the  doping  annealing  treatment  and  crystal  orientation, 

process  and  to  learn  how'  to  produce  shallow  p*  layers  Indium  is  one  of  the  best  probes  for  hyperfine-mter- 

for  applications  in  the  production  of  very-large-scale  action  studies,  which  are  very  sensitive  to  the  near 

integrated  circuits.  Previous  lesults  have  shown  that  suiioundings  of  the  indium  ions.  Defects  can  be  de- 

high-dose  In-implanted  silicon  undergoes  a  polycrystal-  tected  and  characterized  and  their  activation  energies 

line  phase  transformation  accompanied  by  a  significant  measured  using  these  techniques  [3-6].  Wichert  and 

indium  redistribution  at  temperatures  below  those  at  Swanson  showed  that  indium  can  form  pairs  in  silicon 

which  the  solid-phase  epitaxial  regrowth  proceeds  [2],  with  the  group  V  elements.  The  pairs  are  identified  by  a 
Studies  on  the  regrowth  behaviour  of  In-implanted  sili-  characteristic  frequency  which  is  the  signature  of  the 

con  crystals  with  both  the  Rutherford  backscattering  pair  formation.  The  amplitude  of  this  frequency  gives 
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information  about  the  number  of  pairs  thus  formed.  In 
this  way.  the  activation  energies  for  pair  formation  and 
breaking  are  obtained. 

In  the  present  work,  results  of  a  comparative  study, 
using  RBS/channeling  and  PAC  techniques,  for  (100) 
In-implanted  silicon  and  In-implanted  silicon  pre- 
amorphized  with  arsenic  ions  are  given  and  discussed. 
The  (100)  preamorphized  samples  show  a  significant 
enhancement  of  the  In  solid  solubility.  The  hindrance  of 
indium  out-diffusion  is  proposed  in  this  work  to  be  due 
to  the  In-As  pair  formation.  The  RBS  results  indicate 
that  almost  all  the  indium  ions  are  substitutional  in  the 
silicon  lattice.  However,  from  the  PAC  data  only  about 
30%  of  the  In  ions  show  the  characteristic  frequency  of 
the  In-As  pair. 


2.  Experimental  procedures 


Boron-doped  (100)  and  (111)  silicon  wafers  have 
been  ’’^In '^-implanted  with  a  dose  of  1  X  10'*  cm“^ 
and  an  energy  of  66  keV.  Half  of  each  wafer  has  been 
previously  amorphized  with  the  same  dose  of  ’*As^,,, 
selecting  the  energy  of  53  keV  in  order  to  obtain  the 
overlap  of  the  implanted  profiles  for  both  As''^  and  In"'^ 
ions.  Samples  of  1  cm^  have  been  cut  from  these  wafers 
for  RBS/channeling  and  furnace-annealing  experi¬ 
ments.  One  of  these  (1(X))  samples  has  been  post-im¬ 


planted  with  radiative 


ions  with  a  dose  of  the 


order  of  lO'^  cm~^  for  PAC  measurements.  Samples 
implanted  with  In  in  crystalline  and  in  As-preamor- 
phized  silicon  have  been  analysed  before  and  after 
furnace  annealing  in  the  range  of  550-750  °C.  Some  of 
these  samples  have  been  further  annealed  at  900  °C.. 
The  pressure  was  kept  in  the  range  of  10~’  mbar  during 
the  annealing  treatment. 

RBS/channeling  analyses  were  done  using  the  1,6 
MeV  collimated  He^  beam  of  the  Van  de  Graaff  accel¬ 
erator  of  LNETl,  Sacavem.  Backscattered  particles  were 
detected  with  both  an  annular  and  standard  surface- 
barrier  detector  placed  at  scattering  angles  of  180°  and 
140°  and  with  an  energy  resolution  of  18  and  13  keV, 
respectively,.  Channeling  angular  scans  were  done  using 
a  two-axis  goniometer.  The  back  sides  of  the  samples 
were  used  to  orient  the  crystals  in  order  to  avoid  unnec¬ 
essary  radiation  damage  before  the  start  of  the 
RBS/channeling  measurements.  The  effect  of  the 
analysing  beam  has  been  controlled  by  comparing  the 
aligned  spectra  at  the  beginning  and  at  the  end  of  the 
angular  scans. 

The  PAC  measurementes  were  carried  out  after  the 
implantation  of  the  radioactive  isotope  and  after  subse¬ 
quent  annealing  at  650  °C.  During  annealing  the  sam¬ 
ple  was  sealed  in  vacuum  in  a  quartz  tube. 


3.  Results  and  discussion 

Fig.  la  shows  random  and  (111)  aligned  spectra  of 
the  As-  and  In-implanted  (100)  silicon  wafer  after  dif¬ 
ferent  annealing  treatments.  For  comparison  the  aligned 
spectrum  taken  in  an  unimplanted  zone  is  included.  It  is 
clear  that  at  the  surface  an  amorphous  layer  with  a 
thickness  of  750  A  has  been  formed  due  to  the  implan¬ 
tation.  A  mean  projected  range  (/?p)  of  400  A  and  a 
standard  deviation  (A/?p)  of  300  A  has  been  measured 
for  In  and  As  profiles  in  agreement  with  TRIM  code 
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Tig.  1.  (a;  RBS  spectra  showing  the  recovery  of  the  amorphous 
layer  after  the  annealings  referred  to  in  the  figure,  (b)  Depth 
profile  of  As  as-implanted  and  after  annealing  at  550°  C 
dunng  10  and  20  min.  The  profile  after  20  min  annealing  at 
550  °C  does  not  change  if  we  increase  either  the  annealing 
time  or  the  temperature  up  to  650  °C  (c)  The  same  as  in  (b) 
but  for  In 
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Fig  2  Angular  scans  along  the  {111)  and  {110)  directions  for  the  preamorphized  (100)  Si  crystal  after  the  .innealing  at  650°C 

during  10  min.  The  lines  were  drawn  to  guide  the  eye 


calculations.  The  data  show  a  partial  recovery  of  the 
damage  after  the  annealing  at  550  °C  during  10  min. 
The  complete  recovery  is  reached  after  20  min  at  this 
temperature  This  result  can  also  be  achieved  with  an¬ 
nealing  at  650  °C  for  10  min.  The  regrowth  velocity  at 
550°C  IS  greater  than  60  A  min”',-  in  agreement  with 
previous  results  obtained  in  compensated  implants  (7,8). 
Figs,  lb  and  Ic  show  the  evolution  of  the  As  and  In 
profiles  after  the  isothermal  annealing  at  550 '’C.  After 
the  first  annealing  the  amount  of  As  and  In  ions  re¬ 
mains  constant,  but,  after  the  second  annealing  about 
25%  of  In  atoms  were  lost.  The  In  loss  is  clearly  seen  in 
fig.  Ic  and  explains  the  complete  recovery  of  the  silicon 
surface. 

Fig  2  shows  the  In  and  As  {111)  and  (110)  angular 
scans  after  annealing  at  650  °C.  In  both  scans  the 
substitutionality  is  greater  than  90%.  Fig.  3  shows  the 


angular  scans  of  one  sample  annealed  during  60  min  at 
550  °C  followed  by  30  min  at  900  °C.  The  increase  of 
the  minimum  yield  for  the  implanted  ions  shows  that 
some  In  and  As  leave  the  silicon  lattice  sites.  The 
evolution  of  the  substitutional  fraction  of  In  and  As  for 
different  isochronal  annealings  of  10  min  from  550  “C 
up  to  750  °C  is  displayed  in  fig.  4a.  The  maximum 
substitutionality  takes  place  after  annealing  at  600  °C. 
The  evolution  of  the  retained  dose  for  both  ions  after 
the  same  annealing  treatments  is  shown  in  fig  4b.  A 
loss  of  In  of  about  25%  is  measured  at  annealing 
temperatures  starting  at  600  °C  while  the  As  content 
remains  constant.  The  same  loss  of  In  has  been  ob¬ 
served  during  the  20  min  annealing  at  550  ”  C 

Fig.  5  presents  the  results  of  PAC  experiments  for 
the  sample,  post-implanted  with  radioactive  In,  as-im- 
planted  and  after  annealing  at  650  °C  for  10  min.  The 


Fig.  3.  Angular  scans  along  the  (111)  and  (110)  directions  for  the  preamorphized  (100)  Si  crystal  annealed  at  550°C  for  10  nun 
followed  by  30  min  at  9(X)®C.  The  lines  were  drawn  to  guide  the  eye. 


Fig.  4  (a)  Evolution  of  In  and  As  regular  fraction  for  isochro¬ 
nal  annealings  of  10  min.  The  same  fraction  was  measured  for 
both  the  (111)  and  (110)  directions.  The  full  dots  were 
obtained  for  a  sample  annealed  at  550  "C  for  20  min  followed 
by  5  mm  at  900  °C.  (b)  Evolution  of  the  In  and  As  retained 
dose  for  the  same  annealing  procedure  The  lines  were  drawn 
to  guide  the  eye. 
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Fig.  6.  (a)  RBS  spectra  showing  the  regrowth  of  the  amorphous 
layer  for  In  implanted  m  crystalline  (100)  Si  after  the  annealing 
steps  inserted  in  the  figure  (b)  The  depth  profile  of  In  as-im- 
planted  and  after  the  .same  annealing  treatments 


Fig.  5.  PAC  results  showing  the  frequency  distribution  observed  after  the  implantation  of  '"in'*  m  As-preamorphized  (100)  Si 
(upper  part)  and  a  well  defined  frequency  of  229  MHz  observed  after  the  annealing  at  650  °  C  for  10  min  (lower  part). 
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frequency  distribution  observed  after  the  implantation 
shows  that  the  hyperfme-interaction  probe  is  in  an 
amorphous  surrounding  in  agreement  with  the  RBS/ 
channeling  data.  After  the  annealing  a  sharp  frequency 
appears  indicating  the  reorganization  of  the  indium 
within  the  surrounding  crystal,  also  in  agreement  with 
the  channeling  data  which  clearly  show  epitaxial  re¬ 
growth  at  this  temperature.  In  this  work  we  observe  the 
same  frequency  previously  reported  in  ref.  [3].  The 
amplitude  of  the  perturbation  function,  however,  corre¬ 
sponds  only  to  30%  of  the  In  atoms  forming  pairs  with 
As.  From  the  remaining  fraction,  30%  of  In  atoms  can 
be  descnbed  by  a  broad  frequency  distribution  centered 
in  a  higher  frequency.  The  40%  of  the  In  atoms  which 
do  not  sense  any  field  gradient  are  probably  in  a  cubic' 
surrounding  formed  by  silicon  atoms 

A  completely  different  behavior  has  been  observed 
and  IS  shown  in  figs.  6a  and  6b  with  the  In-implanted 
crystalline  (100)  Si.  In  agreement  with  previous  experi¬ 
ments  [4]  we  observe  that  within  200  A  from  the  surface 
the  regrowth  is  appreciably  retarded  due  to  In  segrega¬ 
tion.  The  maximum  In  fraction  in  regular  lattice  .sites  is 
obtained  after  annealing  at  550  °  C  and  decrea.ses  above 
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Fig.  7.  (a)  Evolution  of  In  regular  fraction  for  isochronal 
annealings  of  10  min.  The  difference  in  the  minimum  yield  in 
the  (111)  and  (110)  diieclions  implies  that  some  ol  the  In  is 
located  in  the  interstitial  tetrahedral  .site.  The  full  point  was 
obtained  for  a  sample  annealed  at  550  °C  for  20  min  followed 
by  5  min  at  900*0  (b)  Evolution  of  the  In-retamed  dose  for 
the  same  annealing  procedure  The  lines  were  drawn  to  guide 
the  eye. 


this  temperature  as  is  shown  in  fig.  7a.  Also,  the  loss  of 
In  starts  after  the  first  annealing  at  550  °C  and  in¬ 
creases  with  the  temperature  (fig.  7b). 

Similar  studies  carried  out  with  (111)  samples  show 
that  the  regrowth  process  stops  after  the  amorphous- 
crystalline  interface  reaches  the  maximum  concentra¬ 
tion  of  the  dopant  profile.  Only  a  small  amount  of  In  or 
In  and  As  are  incorporated  in  regular  sites  in  the 
regrown  part  of  the  amorphous  layer. 


4.  Conclusions 

The  first  conclusion  of  this  systematic  study  is  re¬ 
lated  to  the  In  fraction  in  regular  lattice  sites.  In  fact, 
with  the  implantation  of  In  in  crystalline  (100)  Si  the 
highest  fraction  in  regular  lattice  sites  is  about  50% 
which  corresponds  to  a  concentration  of  3  X  lO” cm"’. 
This  fraction  decreases  with  a  small  increase  of  the 
temperature  which  indicates  that  indium  precipitates 
very  easily.  On  the  other  hand,  the  system  can  be 
stabilized  by  a  previous  implantation  of  As  ions.  In  this 
case  the  fraction  of  In  in  subs  itutional  sites  is  about 
95%.  This  fraction  gives  a  concentration  of  2  X  10^" 
cm"  ’  which  is  about  300  times  the  solid  solubility  of  In 
in  silicon  (8  x  lO’’  cm  '’)  in  the  temperature  range  of 
550-650  ®C.  However,  with  the  increase  of  the  tempera¬ 
ture  part  of  the  In  and  As  atoms  leaves  the  substitu¬ 
tional  sites  The  results  show  therefore  that  the  high 
solubility  IS  related  to  In-  As  pair  formation  This  mech¬ 
anism  will  also  be  responsible  for  the  hindrance  of  the 
In  out-diffusion.  It  is  not  yet  clear  if  all  indium  atoms 
form  pairs  with  arsenic'  atoms.  Further  studies  of  the 
electrical  properties  of  these  samples  are  in  progre.ss  in 
order  to  answ'er  this  question. 
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Effect  of  SiN^  coating  in  lateral  solid  phase  epitaxy  of  implanted 
amorphous  Si  films 
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The  effect  of  a  SiN,  coating  was  investigated  in  lateral  solid  phase  epitaxy  (L-SPE)  of  implanted  amorphous  Si  (a-Si)  films.  It  was 
found  that  the  L-SPE  growth  rate  decreased  with  increasing  thickness  of  the  SiN^  film.  The  internal  stress  of  a-Si  films  derived  from 
the  change  of  the  growth  rate  was  on  the  order  of  5 x  lO’  dyn/cm^.  A  model  to  explain  these  phenomena  is  presented. 


1.-  Introduction 

Lateral  solid  phase  epitaxy  (L-SPE)  of  amorphous  Si 
(a-Si)  films  deposited  on  selectively  oxidized  Si  wafers 
(1-4]  is  one  of  the  most  promising  silicon-on-insulator 
(SOI)  technologie>  suitable  for  the  fabrication  of  three- 
dimensional  intcgra’ed  circuits  (3D-ICs),  since  the  pro¬ 
cess  temperature  of  this  method  is  as  low  as  bOO'C  [Ij. 
This  method  has  another  advantage  that  a  multilayered 
structure  of  a-Si  and  Si02  films  can  be  crystallized 
simultaneously  from  a  common  seed  region  by  a  single 
heating  process,  without  deforming  the  impurity  pro¬ 
files  in  the  a-Si  films.  Thus,  the  L-SPE  method  has  a 
potential  to  provide  a  new  fabrication  proce.ss  for  3D- 
ICs  which  IS  superior  to  the  conventional  layer-by-layer 
process. 

In  the  simultaneous  L-SPE  growth  of  multilayered 
structures,  however,  there  is  a  possibility  that  the  growth 
characteristics  of  a-Si  films  in  the  lower  levels  are 
deteriorated  by  the  mechanical  and/or  thermal  stress 
fiom  the  overlayers  So  far,,  we  have  shown  that  the 
effect  of  a  SiOj  coating  is  not  a  large  problem,  even  if  a 
1.8  pm  thick  SiO^  lilm  i.«  deposited  on  an  a-Si  film  (5). 
In  the  practical  3D  structure,  however,  the  effect  of  the 
overlayers  is  considered  to  be  stronger,  since  they  are 
composed  of  a  stacked  structure  of  Si  and  SiOj  films. 
Therefore,  in  this  paper,,  we  further  investigate  the  effect 
of  the  overlayers  in  a  more  realistic  structure,  that  is, 
a-Si  films  are  coated  with  harder  SiN^  films  and  the 
L-SPE  growth  characteristics  are  measured. 


2.  Experimental  procedures 

SiOj  films  about  50  nm  thick  were  thermally  grown 
on  Si(lOO)  wafers  and  stripe-shaped  seed  regions  were 
formed  parallel  to  the  (Oil)  direction  by  etching  of  the 


films.  The  wafers  were  then  chemically  cleaned,  dipped 
in  RCA  solution  to  form  thin  chemical  oxide  films,  and 
mounted  in  an  ultrahigh  vacuum  (UHV)  chamber  whose 
base  pressure  was  about  1.3  X  10“’  Pa.  After  thermal 
cleaning  at  800  °  C  for  30  min,  a-Si  films  about  400  nm 
thick  were  deposited  at  room  temperature  and  the  sam¬ 
ples  were  in  situ  annealed  at  500  “C  for  one  hour  for 
densiftcation  of  the  a-Si  films.  The  annealed  samples 
were  taken  out  from  the  chamber  and  P  ions  were 
implanted  in  some  of  these  samples,  since  P  atoms 
doped  in  an  a-Si  film  are  known  to  enhance  the  growth 
rate  and  to  expand  the  L-SPE  region  [2].  The  implanta¬ 
tion  energy  and  dose  were  determined  so  that  the  pro¬ 
file  was  almo.st  flat  near  the  surface  of  the  film  and  its 
concentration  was  about  3x10^®  cm“’.  Under  these 
conditions,  the  thickness  of  the  P-doped  region  where 
the  concentration  is  higher  than  1  X  10^®  cm"^  is  about 
290  nm. 

Then,  SiN,.  films  were  deposited  on  bolE  undoped 
and  P-doped  a-Si  films  by  plasma-enhanced  chemical 
vapor  deposition  (PCVD)  at  400  °C.  The  ihicknesses  of 
the  films  were  1.2  urn  (sample  PI)  and  2  4  um  (sample 
P2),  In  some  samples,  a  part  of  the  SiN,,  films  was 
etched  pnor  to  the  L-SPE  annealing,  in  order  to  check 
for  degradation  of  a-Si  films  during  the  deposition 
process  of  SiN^.  The  sample  structure  is  schematically 
shown  in  fig.  1.  The  samples  were  finally  furnace-an- 


Fig  1 .  A  schematic  drawing  of  the  sample  structure 
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nealed  in  a  dry  N2  atmosphere  to  induce  L-SPE.  The 
L-SPE  characteristics  were  investigated  by  Nomarski 
optical  microscopy. 


3.  Results 

Fig.  2  shows  the  annealing  time  dependence  of  the 
L-SPE  length  along  the  (010)  direction  at  600 ‘'C  in 
undoped  and  P-doped  samples.  In  this  figure,  the  open 
circles  show  the  characteristics  in  a  part  of  the  PI 
sample  where  the  SiN,  film  was  etched  off.  We  can  see 
from  this  figure  that  the  growth  rate  in  the  P-doped 
samples  decreases  with  increasing  thickness  of  the  SiN, 
films.  The  results  for  the  undoped  samples  (closed  circles 
and  triangles)  show  the  same  tendency..  It  was  found 
that  the  charactenstics  of  the  open  and  closed  circles  in 
the  figure  were  almost  the  same  as  those  of  uncoated 
a-Si  films.  Thus  we  can  say  that  the  degradation  of  the 
growth  rate  is  not  due  to  the  deposition  process  of  the 
SiN,  film,  but  It  IS  due  to  existence  of  the  film  itself.  We 
can  also  see  from  fig.  2  that  the  random  crystallization 
time  at  which  about  2/3  of  the  a-Si  film  is  occupied  by 
polycrystalline  grains  becomes  longer  with  increasing 
thickness  of  the  SiN^  film.  As  a  result,  the  L-SPE 
growth  length  from  the  seed  edge  is  virtually  indepen¬ 
dent  of  the  thickness  of  the  SiN;,  film. 

The  detailed  grcwth  characteristics  at  the  initial  stage 
are  shown  in  fig.  3.  We  can  see  from  this  fig>'re  that  the 
initial  growth  length  on  {110}  facets  [3]  becomes  shorter 
as  the  SiN^  film  is  made  thicker.  Since  the  crystalline 
quality  of  the  film  is  known  to  be  better  in  the  (110) 
facet  growth  region,  we  conclude  from  this  result  that 
the  L-SPE  charactenstics  of  a-Si  films  degrade  by  de¬ 
position  of  SiN,  overlayers.  It  was  also  found  from 
these  experiments  that  the  size  of  {111}  facets,  which 
appear  at  the  growth  front  as  a  zig-zag  pattern,  is  much 
larger  in  the  uncoated  region,  when  it  is  compared  at 


Fig.  2.  L-SPE  characteristics  of  the  undoped  and  P-doped 
samples  with  and  without  SiNj,  coating. 
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Fig.  3.  The  initial  growth  charactenstics  of  the  P-doped  sam¬ 
ples 


the  same  L-SPE  length.  However,  the  ongin  of  this 
phenomenon  is  not  well  understood  at  present. 


4.  Discussion 

It  was  found  from  figs.  2  and  3  that  the  growth  rates 
on  both  {111 }  and  {110}  facets  were  decreased  with  an 
increase  of  the  SiN,  film  thickness.  It  was  also  found 
from  Nomarski  optical  microscopy  that  the  growth  rate 
of  polygrains  was  decreased  similarly..  These  results  are 
different  from  our  previous  result  for  the  Si02  coating 
[5].  We  speculate  that  this  difference  is  due  to  the 
internal  stress  of  the  a-Si  film,  that  is,  the  stress  is 
greater  in  a-Si  films  coated  with  SiN^  films  because  of 


Fig.  4.  Variation  of  the  internal  stress  in  a-Si  films  with  the 
SiN,  film  thickness.  The  values  are  derived  from  the  growth 
rate  of  polygrains  as  well  as  the  L-SPE  growth  rate  on  {110} 
and  {111)  fa:ets 
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their  mechanical  hardness,  and  the  stre.ss  effect  de¬ 
grades  the  L-SPE  characteristics. 

Concerning  the  pressure  effect  of  the  SPE  growth 
rate,  a  few  experimental  results  have  been  reported  [6,7] 
and  the  growth  rate  v  at  pressure  p  and  temperature  T 
IS  known  to  be  expressed  by  the  following  equation; 

c  =  i>oexp{-(£,+  /’Ak')/f?r},  (1) 

where  Vg  is  a  constant,  is  the  activation  energy,  AK 
IS  the  activation  volume  and  /?  is  the  gas  constant.  The 
reported  Ay  value  is  -3.3  cm^/mol  for  vertical  SPE  of 
an  implanted  a-Si  layer  at  550  °C  [7].  In  the  following, 
we  assume  the  same  value  for  L-SPE  at  600  “C.  Fig.  4 
shows  the  variation  of  stress  in  a-Si  films  as  a  function 
of  the  SiNj,  film  thickness,  which  was  derived  from  the 
growth  rate  using  eq.  (1).  In  this  figure,  the  inherent 
stress  existing  in  the  uncoated  film  is  assumed  to  be 
zero.  We  can  see  from  this  figure  that  the  internal 
stresses  denved  from  various  growth  rates  are  consistent 
with  one  another  and  that  they  are  on  the  order  of 
5  X  10’  dyn/cm^ 

In  order  to  explain  the  origin  of  the  internal  stress  in 
fig.  4,  thermal  stress  due  to  the  different  expansion 
coefficients  was  measured  using  a  bimetal  structure  of  a 
SiN,  film  and  a  single-crystal  Si  substrate.  In  this 
experiment,  the  temperature  dependence  of  the  bending 
angle  of  the  sample  was  determined  from  movement  of 
a  ref.ected  spot  of  a  He-Ne  laser.  Fig.  5  shows  a  typical 
result  of  the  temperature  dependence  for  a  bimetal 
structure  with  a  2.4  (im  thick  SiN^  film.  We  can  see 
from  this  figure  that  the  internal  stress  around  600  °C  is 
much  smaller  than  the  value  in  fig.  4.  This  result  shows 
that  the  experimental  value  of  the  internal  stress  cannot 
be  explained  by  a  simple  bimetal  structure. 

Finally,  we  propose  a  model  to  explain  the  above 
experimental  results.  This  model  is  schematically  shown 
in  fig.  6  for  the  case  of  gram  growth  from  a  single 
nucleus.  In  an  uncoated  a-Si  film  as  shown  in  (a),  the 


Fig.  5.  Temperature  dependence  of  the  internal  stress  in  a 
bimetal  structure  of  SiN^  and  Si. 
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Fig.  6.  A  schematic  drawing  of  the  stress  model. 


film  thickness  decreases  freely  as  the  crystallite  grows. 
On  the  other  hand,  if  the  a-Si  film  is  coated  with  a  hard 
film  like  SiN,  as  shown  in  (b),  free  shrinkage  of  the  film 
IS  prevented  and  a  tension  is  generated  around  the 
crystallite.  Thus,  the  growth  rate  of  the  crystallite  is 
decreased,  as  can  be  seen  from  eq.  (1).  Similar  tension  is 
expected  to  be  generated  at  the  growth  front  of  L-SPE, 
when  an  a-Si  film  is  coated  with  a  hard  film  In  this 
model,  an  internal  stress  is  generated  around  the  crys¬ 
tallized  region,  even  if  no  stress  appears  in  the  bimetal 
structure.  Therefore,  this  model  seems  to  be  suitable  to 
explain  the  experimental  results  which  we  have  ob¬ 
tained.  although  we  have  not  yet  checked  its  validity 
quantitatively. 


5.  Summary 

We  investigated  lateral  solid  phase  epitaxy  (L-SPE) 
of  amorphous  Si  films  which  were  coated  with  SiN^ 
films.  The  main  results  obtained  are  summarized  as 
follws. 

(1)  Both  L-SPE  growth  and  grain  growth  '■ates  decrease 
with  increasing  thickness  of  the  SiN^  film. 

(2)  The  initial  growth  region  on  {110}  facets,  where  the 
crystalline  quality  of  the  film  is  superior,  becomes 
narrow  with  increasing  thickness  of  the  SiN^  film. 

(3)  The  internal  tension  stress  denved  from  the  change 
of  the  growth  rate  was  about  5  X  lO’dyn/cm^.  This 
value  is  much  larger  than  the  experimental  value 
derived  from  a  •'imple  bimetal  structure  of  a  SiN^ 
film  and  a  Si  substrate. 

(4)  A  qualitative  model  to  explain  the  experimental 
results  was  proposed. 
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The  near-surface  damage  in  silicon  induced  by  the  bombardment  of  147  keV  BFi"*  has  been  investigated  by  2  MeV  He* 
Rutherford-backscattcnng  spectrometry  The  implantation  was  earned  out  at  room  temperature  with  the  ion  doses  ranging  from 
-  lO"  10  -  lO'*’  cm"  The  radiation  damage  was  compared  with  corresponding  B*  and  F*^  atomic-ion  implantation  A  damage 
enhancement  at  the  surface  region  of  the  silicon  implanted  with  BFj*  has  been  observed  and  it  is  attributed  to  the  multiple-collision 
effect  between  molecular  ions  and  host  atoms. 


1.  Introduction 

tmplantation  is  commonly  used  in  the  boron 
doping  process,  as  the  dissociation  of  the  BFi*  ion  upon 
Its  initial  scattering  events  gives  a  lower-energy  boron 
atom.  In  addition,  the  fluorine  ion  is  relatively  heavy 
and  is  therefore  able  to  generate  an  amorphous  zone 
which  contains  most  of  the  boron  so  that  low-tempera¬ 
ture  solid-phase  epitaxy  can  be  used  to  produce  doped 
layers  without  appreciable  atomic  diffusion.  However, 
the  bombardment  of  molecular  ions  such  as  BFj*  will 
result  in  distinctive  damage  and  annealing  behavior, 
which  may  be  interesting  for  both  technical  applications 
and  fundamental  studies  of  atomic  collision  in  solids 
These  molecular  effects  were  generally  explained  by 
"spike  effect.s"  [1]  in  the  overlap  region  of  cascade 
volumes  generated  by  the  atomic  species  of  the  molecu¬ 
lar  ion  when  it  penetrated  into  the  target.  In  most 
previous  studies,  to  understand  the  microscopic  events 
of  spike  effects,  diatomic  implants  were  used  [2]  to  show 
the  existence  of  a  "damage-enhancement”  effect  in  Si 
and  Ge  This  effect  is  related  to  ion  species,  energy  and 
target  temperature  [3],  Grob  et  al.  [4]  reported  the 
damage-enhancement  effect  in  silicon  induced  by  BF/ 
and  PF„*  implants  and  accounted  for  it  m  terms  of  the 
overlap  probability  of  two  or  three  subcascades.  In  our 
recent  work,  a  strong  dan.  age  enhancement  at  the 
surface  of  crystalline  silicon  created  by  P2*'  bombard¬ 
ment  has  been  pointed  out  [5] 

The  aim  of  this  work  is  to  demonstrate  the  molecular 
effect  in  the  near-surface  region  induced  by  BF/  im¬ 
plantation.  To  this  purpose,  high-resolution  Rutherford- 
backscattenng  spectrometry  (RBS)  with  the  channeling 
technique  has  been  employed. 

2.  Experimental 

Etch-polished  (100)  oriented  n-type  Si  wafers  were 
bombarded  at  room  temperature  using  an  ULVAC  IM- 


200M  implanter  The  projectile  energy  was  chosen  as  3 
keV/amu.  i.e..  147  keV  for  BFi*',  57  keV  for  F'*  and  33 
keV  for  B"*,;  so  that  the  surface  damage  peak  could  be 
distinguished  from  the  buried  one  The  doses  of  BF2* 
10ns  ranged  from  5  X  10''-5  X  10'*cm‘ ^  All  implanta¬ 
tions  were  performed  7°  away  from  the  surface  normal 
of  the  wafers  in  order  to  minimize  the  channeling  effect. 
In  each  atomic-molecular-ion  comparison,  the  atomic 
flux  and  fluence  were  kept  constant. 

The  number  and  depth  distribution  of  displaced 
silicon  atoms  were  extracted  from  the  aligned  2  MeV 
He*  backscattering  .spectra.  The  depth  resolution  of  the 
detection  system  was  greatly  improved  by  using  a  graz¬ 
ing-angle  detector  geometry  (scattering  angle  0  =  91°). 


3.  Results  and  discussion 

A  typical  set  of  RBS  spectra  of  BFt*  -implanted 
silicon  IS  indicated  in  fig.  1.  Two  damage  peaks  in  the 
figure  are  clearly  separated  as  the  incident  ion  energy  is 
high  enough.  One  peak  is  buried  at  a  position  corre¬ 
sponding  to  the  nuclear  energy-deposition  peak  Z?,, 
(about  1100  A  deep  from  the  surface  estimated  by  the 
WSS  theory)  while  the  other  peak  appears  at  the  top 
surface  of  the  sample.  Disordered  atoms  in  both  damage 
regions  increase  with  increasing  ion  doses  The  surface 
damage  peak  exists  at  a  rather  low  dose,  e.g  5  x  lO'’ 
ions/cm^,  while  the  buried  peak  cannot  be  defined  until 
the  dose  is  up  to  lO'"  ion.s/cm^. 

Fig.  2  illustrates  a  comparison  of  the  damage  behav¬ 
iors  of  molecular  BF,*  implants  and  dually  implanted 
atomic  ions  of  F*  and  D*.  In  fig.  2.  one  van  see  that  the 
damage  enhancement  induced  by  molecular  ions  is  quite 
different  in  the  two  damage  regions.  Two  buried  damage 
peaks  in  fig.  2  are  almost  coincident  with  each  other 
while  a  striking  damage  enhancement  takes  place  at  the 
surface  of  the  sample  bombarded  with  BF2* .  Generally. 
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the  damage  enhancement  in  the  buned  region  c.in  be 
explained  in  terms  of  overlap  of  two  or  three  collision 
cascades  generated  by  every  atomic  species  of  the 
molecular  ton  because  of  the  nonlinear  dependence  of 
damage  creation  on  the  nuclear  energy-deposition  den¬ 
sity.  When  the  initial  energy  of  BF2^  is  increased,  the 
damage  enhancement  factor  Fq  -  defined  as  the  ratio 
of  total  number  of  displaced  target  atoms  for  molecular 
(A^pIBFj])  to  atomic  (Nd[F -I- B])  ion  bombardment, 
i.e...  F[3  =  +  B]  -  will  decrease  [4],  This 

IS  because  at  high  energy,  the  cascade  volume  generated 
by  fluorine  or  boron  implants  becomes  large  and  the 
nuclear  energy  deposition  in  the  cascade  volume  is 
diluted.  At  an  incident  energy  of  3  keV /amu  for  BFj* , 
the  value  of  F^  calculated  from  the  buried  damage 
region  is  almost  equal  to  1,  which  is  coincident  with  the 
results  of  ref.  [4]. 

Fig.  3  indicates  that  Fi,,  calculated  from  the  surface 
damage  peak,  vanes  as  a  function  of  ion  dose.  Even  at  a 
highei  dose  of  5  x  lO'*  lons/cmV  F^  is  as  large  as  1.6, 
and  the  damage  enhancement  effect  becomes  even  more 
striking  as  the  dose  decreases.  Considering  that  the 
damage  creation  rises  with  the  increase  in  nuclear  stop¬ 
ping  power  dF/dx,-  a  heavy  ion  will  generate  much 
more  displaced  host  atoms  than  a  light  one.  Although 
the  chemical  bond  of  BF,^  will  be  broken  as  soon  as  it 


Table  1 

Nuclear  stopping  power  d£/dx  calculated  by  TRIM 


ion 

Mass 

|amu] 

Z 

Energy 

[keV] 

dF/dx  [eV/A] 

Electronic  Nuclear 

Total 

B 

11 

5 

33 

12.57 

5.388 

17  91 

F 

19 

n 

57 

22  83 

14  61 

37.44 

Ti 

48 

22 

144 

37.80 

60.68 

98.48 

V 

51 

23 

153 

37.65 

65.00 

102  6 

enters  the  solid  target,  the  fluorine  and  boron  atoms 
will  keep  their  relative  positions  and  flight  forward 
together  until  one  of  them  encounters  a  large-angle 
scattenng.  When  all  atomic  species  of  the  molecular  ion 
are  flighting  together,  the  binary-collision  model  would 
be  invalid  to  describe  the  collision  process  between  the 
flighting  atomic  species  and  target  atoms,  hence  a  multi¬ 
ple  collision  model  should  be  considered.  But  a  practi¬ 
cal  evaluation  of  this  model  will  be  very  complicated.  In 
a  rough  exploration,  the  surface-damaging  behavior  of 
BFj*  can  be  considered  to  be  approximately  like  that  of 
or  Ti".  Table  1  lists  the  nuclear  stopping  power 
d£/dx  for  3  keV/amu  V^,.  Ti"*,.-  F”^  and  B^  ions  in 
silicon.  The  dF/dx  of  is  greater  by  a  factor  of  2 
than  the  sum  2dF/dx(F'' ) -b  dF/dxfB'^).  which  is 


Fig.  3  Plot  of  the  enhancement  factor  F„  calculated  from  the  near-surface  peak  as  a  function  of  the  3  keV/amu  BFi*  dose  implanted 

at  room  temperature. 
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almost  corresponding  to  the  average  damage  enhance¬ 
ment  factor  Fp  demonstrated  in  fig.  2.  The  estimation 
above  reveals  that  the  multiple  collisions  between  all 
atomic  species  of  the  BFj^  and  the  host  silicon  atoms 
play  a  dominant  role  in  generating  the  excess  damage  at 
the  top  surface  region. 

In  summary,  we  have  compared  the  damage  behav¬ 
ior  of  the  molecular  ions  with  that  of  F'^+  B'^ 
implants  m  silicon  at  an  energy  of  3  keV/amu.  A 
striking  damage  enhancement  is  observed  at  the  surface 
of  the  sample  bombarded  with  BF2'^ ,  and  it  is  attributed 
mainly  to  the  multiple  collisions  between  atomic  species 
of  the  molecular  ion  and  target  atoms. 
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Multi-step  implants  using  F  as  a  preamorphizing  species  for  the  formation  of  shallow  p'^  source/drain  junctions  are  investigated. 
SIMS.  RBS  and  SRP  data  are  combined  to  optimize  process  equivalents  to  50  and  25  keV  BFj  implants.  Incorporation  of  a  dual 
implant  sequence  into  a  single,  chained  recipe  and  device  results  fur  a  1  Mbit  SRAM  are  discussed. 


1.  Introduction 

The  scaling  requirements  for  CMOS  devices  with 
gate  widths  of  *  0.5  pm  call  for  junction  depths  of 
=  0.1  pm  for  both  the  p'^  and  n'*^  source/drain  regions 
[1).  Control  of  B  channeling  and  diffusion  for  p'^  junc¬ 
tions  IS  particularly  challenging  (2.3).  The  usefulness  of 
an  initial  preamorphization  implant  to  suppress  chan¬ 
neling  effects  has  been  shown  for  BF,  implants  with 
energies  as  low  as  5  keV  [4],  for  B  energies  as  low  as  1 
keV  [5]  and  for  “plasma  immersion”  implants  using  a 
mixed  BFj-fed  discharge  with  a  wafer  bias  of  =  1  keV 
[61. 

Although  most  of  the  work  with  preamorphization 
implants  have  used  Si  or  Ge  as  the  amorphizing  species, 
there  are  numerous  practical  difficulties  with  adapting 
these  processes  to  production  environments.  In  addition 
to  the  developiiie*nt  of  efficient  source  plasmas  for  these 
ions  and  the  need  to  control  wafer  temperature  during 
implantation,  there  are  severe  constraints  on  the  mass 
resolution  limits.  For  example,  ^’Si  is  often  used  rather 
than  the  more  abundant  ^*Si  to  avoid  contamination  of 
the  ion  beam  by  or  CC*^.  However,  ^’Si  can  be 
contaminated  by  ('“b'^FJ^  if  there  is  residual  BFj  gas 
leaking  into  the  source  area  [3J.  Si  and  Ge  are  also 
inconvenient  species  for  preamorphization  in  produc¬ 
tion  environments  since  they  require  a  source  retuning 
step  before  the  implantation  of  dopants  ions. 

Fluorine,  since  it  can  be  extracted  from  the  same 
BFj-fed  plasma  as  is  used  to  supply  B  or  BFj  for  the 
doping  implant,  is  a  more  attactive  species  for  damage 
and  amorphization  implants  since  little  or  no  source 
retuning  is  required  for  dual-step  implants.  Flounne  has 
been  used  to  suppress  channeling  and  to  achieve  good 

'  Present  address:  Sematech,  Austin,  TX  78741,  USA. 


electrical  activation  with  low  temperature  anneals  [7,8]. 
The  specific  goals  of  this  work  were  to  develop  a 
source/drain  implant  process  with  F  as  a  preamorphiz¬ 
ing  species  utilizing  the  automation  features  of  an  ad¬ 
vanced  ion  implantion  system. 


2.  Dose  optimization 

The  optimization  of  the  F  dose  was  the  first  step  in 
the  development  process.  High  levei.v  of  residual  F  from 
high-dose  BFj  implants  have  teen  associated  with 
dopant  deactivation  (9.10),  defect  decoration  and  pin¬ 
ning  [11,12],  anomalous  diffusion  effects  [13-16],  de¬ 
gradation  of  oxides  [17,18]  and  formation  of  gas-filled 
voids  [19-21],  Tests  of  preamorphization  with  F  at 
doses  of  10'®  F/cm'  resulted  in  significantly  higher 
leakage  currents  and  defect  levels  than  junctions 
amorphized  with  Si  or  Ge  ions  [22].  Studies  have  indi¬ 
cated  that  Ge  doses  as  low  as  5  x  10’’  ions/cm^  can 
suppress  B  channeling  effects  [23,24]  All  indications, 
including  the  desire  for  short  implantation  times,  favor 
the  use  of  F  doses  that  are  significantly  lower  than  the 
equivalent  dose  from  a  BF2  implant. 

2. 1.  Experimental  conditions 

In  order  to  develop  an  “.xFB”  equivalent  to  a  genenc 
50  keV  BF2  source/drain  implant  step,  it  was  decided 
to  increase  the  F  energy  to  39  keV,  twice  the  equivalent 
energy  for  the  molecular  implant.  This  was  done  to 
ensure  that  the  B  implant  depth  was  shallower  than  the 
thickness  of  the  amorphous  layer  [7]  and  to  take  ad¬ 
vantage  of  reported  conditions  for  reduced  diffusion 
and  defect  effects  [8].  Preamorphization  implants  were 
done  for  doses  ranging  from  10'“*  to  lO'*  F/cm^,  Boron 
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Fig.  1  Dependence  of  amorphous  layer  thickness,  as  measured 
by  grazing-angle  RBS.  on  dose  for  ,19  keV  F  and  50  keV  BF- 
implants  into  Si(lOO) 


implants  wei  e  done  at  1 1  keV  over  a  dose  range  be¬ 
tween  1  to  5  X  10”  B/cmi  Compansons  were  also 
made  with  50  keV  BF,  implants 

2  2  Amorphous  layer  thickness 

The  thickness  of  the  amorphous  layer  was  de¬ 
termined  by  the  depth  at  which  the  grazing-angle  RBS 
sig.ial  was  at  50%  of  the  amorphous  and  random  orien- 


Fig.  2.  As-implanted  atomic  concentration  B  profiles  for  direct 
1 1  keV  B  implants  into  Si(lOO)  and  after  39  keV  F  preamorphi- 
zation  implants  at  doses  of  10”  and  lO”  F  /cm^  The  B  dose 
was  5  X 10”  B/cm^.  Note  the  strongly  channeled  character  of 
the  B  profile  for  the  lower  F  preamorphizalion  dose.  A  50  keV 
BF2  implant  and  a  TRIM-84  simulation  for  11  keV  B  are  also 
shown. 


tation  level.  The  thickness  of  amorphous  layer  (fig.  1) 
grew  steadily  for  doses  above  5  X  10”  F/cm^.  An 
amorphous  layer  was  not  seen  tn  the  RBS  analysis  for 
the  10”  F/cm^  implant. 

2  3.  Boron  profiles 

The  B  profiles  for  the  11  keV  implants  were  identical 
for  F  doses  from  5  x  10”  to  10”  F/crrC  and  showed 
no  channeling  effects  (fig.  2).  These  B  profiles  were 
slightly  deeper  than  a  Monte  Carlo  range  calculation 
(TRlM-84  [25])  and  shallower  than  direct  11  keV  B 
implants  into  Si(lOO)  and  50  keV  BFj  implants.  For  a  F 
preamorphization  dose  of  10”  F/cm^,.  strong  channel¬ 
ing  effects  were  evident  in  the  the  11  keV  B  profile. 


3.  Process  qualification  and  device  testing 

The  .vFB  process  was  adapted  to  a  1  Mbit  SRAM 
process  with  gate  feature  sizes  of  0.8  pm  [26].  Results 
for  .xFB  implants  of  11  keV  B  implants  after  50  keV  F 
preamorphization  implants  at  doses  of  5  x  10”  and 
10”  F/cm*  were  compared  with  the  50  keV  BFj  im¬ 
plants. 

3  /  Boron  profiles 

The  as-implanted  profiles  closely  resembled  the  re¬ 
sults  from  the  F  dose  optimization  studies  (fig.  3).  The 
xFB  profiles  closely  followed  TRIM-84  results  from  a 
10^  Monte  Carlo  lun  for  both  F  doses,  indicating  that 


Fig.  3.  As-implanled  atomic  concentration  B  profiles  for  11 
keV  implants  at  a  dose  of  10”  B/cm^  for  direct  implants  into 
Si(lOO)  and  after  50  keV  F  preamorphization  implants  at  doses 
of  5x10”  and  lO”  F/cm^.  A  50  keV  BFj  implant  and  a 
TRIM-84  simulation  for  11  keV  boron  are  also  shown. 
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Depth(A) 

Fig,  4,  Atomic  concemration  B  profiles  after  an  anneal  of 
950 °C  for  10  s  The  implantation  conditions  were  the  same  as 
in  fig.  5 


an  adequate  degree  of  amotphtzation  was  achieved. 
Both  B  and  BFj  implants  showed  strong  channeling 
effects  under  direct  implantation  oondition.s. 

After  an  anneal  cycle  of  950 "C  for  10  s,  the  .vFB 
implants  continued  to  give  significantly  shallower  pro¬ 
files  and  junction  depths  (fig.  4).  The  B  profile  for  the  F 
dose  of  5  X  10'^  F/cm*  diffu.sed  deeper  than  the  10'* 
F/cm"  case  (13,14).  The  carrier  concentration  profiles 
(fig.  5)  follow  the  trends  in  the  atomic  profiles. 

3  2  Electrical  results 

The  electrical  characteristics  are  summarized  in  table 
1  After  a  test  anneal  of  950  °C  for  10  s,  the  .vFB 
implants  had  a  higher  sheet  resistance  than  the  BFj 
splits,  which  is  characteristic  of  shallower  junctions  for 
the  .vFB  process.  The  relatively  low  activation  levels  in 


0  1000  2000  3000  4000 


Depth(A) 

Fig.  5.  Carrier  concentration  profiles  after  an  anneal  of  950 °C 
for  10  s  The  implantation  conditions  were  the  same  as  in  fig. 
3 


the  directly  implanted  B  profile  (fig.  5)  are  consistent 
with  the  high  sheet  resistance  for  this  junction. 

The  p^  source/dram  resistance  of  the  40x0.8  pm 
transistors  after  the  full  SRAM  process  was  lower  for 
the  xFB  splits.  The  SRAMs  were  full  functional  with 
similar  speed  and  leakage  current  characteristics  for  all 
of  the  process  variations  tested.  The  other  significant 
shifts  were  a  0.1  V  shift  in  the  threshold  voltage  and  a  1 
mA  drop  in  the  source/drain  saturation  current  with 
the  vFB  splits  in  comparison  to  the  BF2  implants. 


4.  Chained  recipes 

The  system  automation  on  the  PI9200  allows  for 
direct  processing  of  up  to  10  implants  in  a  sequence 
[27].  The  process  recipes  for  the  preamorphization  and 


Table  1 

F.leclrical  charactenstics 


Implant  Process 

50  keVFSxIO'^  F/cm^ 

11  keV  ij  )0’'  lons/cm^ 

50  keV  F  10‘*  F/cm^ 

11  keV  B  10'*  lons/rm^ 

50  keV  BF2 

10"  lons/cm^ 

11  keV  B 
10'*  B/cm^ 

950°C/10s  anneal 

Junction  depth  [pm] 

0.14 

_ 

0  25 

0.26 

Sheet  resistance  [SI /□] 

143 

*1 

127 

287 

1  Mbit  SRAM  process  (40x0  8  pm  test  structure) 
p*  S/D  sheet  resistance  (SI /□]  157 

158 

171 

_ 

Threshold  voltage  [V] 

-0  89 

-0.91 

-0.81 

_  a) 

S/D  saturation  current  (mA) 

8.7 

91 

9.8 

_  a) 
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Fig.  6.  Process  list  editor  screen  showing  a  chained  recipe  called  “XFB”  comprised  of  a  19  keV  F  preamorphization  implant  at  a  dose 
of  5  X  lO''*  F/cm^  followed  by  a  5  keV  B  implant  at  a  dose  of  2x  lO’*  B/cm^, 


dopant  implants  are  combined  from  separate  recipes  in 
the  system  library  under  a  new  process  name  as  a  “list” 
(fig.  6).  In  a  chained  sequence,  wafers  are  loaded  onto 
the  implant  wheel  from  a  loadlock  chamber  which  holds 
the  wafer  cassettes  while  the  source  and  beamline  are 
tuned  to  the  conditions  specified  in  the  first  process 
reetpe.  After  the  first  implant  is  completed,  the  system 
retunes  to  the  second  recipe  while  the  wafers  are  held 
on  the  implant  wheel  under  vacuum.  This  sequence  can 
be  elaborated  to  allow  for  multiple  implants  for  each  of 
the  preamorphizing  and  dopant  functions.  This  level  of 
automation  allows  for  the  introduction  of  multiple  im- 


Fig.  7.  As-implanted  atomic  concentration  B  profiles  for  5  keV 
implants  at  a  dose  of  2x10”  B/cm^  for  direct  implants  into 
Si(lOO)  and  after  a  19  keV  F  preamorphization  implant  at  a 
dose  of  5X 10'*  F/cn?.  A  25  keV  BFj  implant  and  a  TRIM-88 
simulation  for  5  keV  boron  are  also  shown. 


plant  processes  into  production  environments  with  no 
increase  in  operational  complexity. 

5.  5  keV  boron  profiles 

A  senes  of  chained  implants  was  done  with  a  F 
preamorphization  implant  at  19  keV  at  a  dose  of  5  x  10'* 
F/cm^  followed  by  a  5  keV  B  implant  at  a  dose  of 
2  X  10”  B/cm^.  Direct  implants  of  5  keV  B  and  25  keV 
BFj  were  also  tested.  The  B  beam  current  at  5  keV  was 
2.3  mA  after  a  5  min  automatic  tuning  cycle.  The  F 
preamorphization  resulted  in  a  40%  reduction  in  the 
depth  of  B  penetration  at  a  dopant  concentration  of 
lO”  B/cm^  compared  to  the  direct  5  keV  B  (fig.  7). 

6.  Summary 

Profile  analysis  and  process  tests  have  shov/n  F  to  be 
a  useful  species  for  preamorphization  for  formation  of 
shallow  p*^  source/drain  junctions.  The  dual  implant 
process  has  been  shown  to  be  compatible  with  an  ad¬ 
vanced  SRAM  process  with  minor  alterations  in  prod¬ 
uct  characteristics.  The  shallow  junction  depths  which 
can  be  achieved  with  the  xFB  approach  provide  an 
attractive  base  for  process  shrinks  for  higher  perfor¬ 
mance  devices.  Utilization  of  the  chained  recipe  capabil¬ 
ity  of  an  automated  implanter  allows  for  a  low-risk 
implementation  of  this  process  into  a  production  en¬ 
vironment.. 
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The  annealing  behaviour  of  ion-implanted  Si  studied  using 
time-resolved  reflectivity 
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The  annealing  behaviour  of  ion-implanted  Si  has  been  studied  using  time-resolved  reflectivity  (TRR)  Various  regimes  have  been 
identified  which  depend  upon  the  implanted  species  and  dose,  the  substrate  orientation  and  the  annealing  temperature  At  low  doses, 
electrically  active  impurities,  such  as  Sb.  enhance  the  regrowth  r.tte  in  (100)  orientated  Si.  In  (111)  Si.  the  presence  of  low 
concentrations  of  certain  impurities,  such  as  Sb,  Ga  and  Sn,  also  affects  the  degree  of  twinning  which  accompanies  epitaxial 
regrowth.  At  higher  do.ses  of  impurities,  the  regrowth  rate  of  (111)  and  (100)  Si  is  retarded  and  some  impurities  are  seen  to  segregate 
at  the  amorphous-crystalline  interface  Further  increasing  the  do.se  provokes  a  dramatic  phase  transition  to  fine  gram  polvcrystalhne 
Si  for  the  low  melting  point  impurities.  iKcurring  typically  250°C  below  temperatures  where  epitaxial  crystallisation  is  observed 


I 


1.  Introduction 

Since  the  advent  of  ton  implantation  as  a  method  for 
doping  Si  with  electrically  active  impurities,  there  has 
been  considerable  interest  in  the  annealing  behaviour  of 
implantation-induced  amorphous  Si  The.se  studies  have 
mainly  concentrated  on  Si  of  (100)  orientation,  and  the 
epitaxial  recrystallisation  kinetics  for  intrinsic  and  doped 
amorphous  Si  have  been  measured  over  a  wide  tempera¬ 
ture  range  [1]  In  contrast,  there  has  been  little  work 
reported  on  the  effect  of  impurities  on  the  regrowth  of 
(111)  Si.  owing  to  the  poor  quality  of  recrystalli.sed 
layers  char  icteri.sed  by  the  formation  of  twins  How¬ 
ever,  It  was  shown  recently  that  implanted  Sn  can  have 
a  beneficial  effect  on  the  quality  of  the  regrowth  of 
(111)  orientated  Si  [2] 

In  this  studv  the  effect  of  impurities  on  the  regrowth 
behaviour  of  ( 100)  and  (111)  orientated  Si  is  compared 
This  paper  concentrates  on  the  behaviour  of  Sb-im- 
planted  Si. 


2.  Experimenial 

Both  (100)  and  ( 1 1 1 )  Si  were  implanted  vuth  doses  of 
Sb,  and  Si  in  the  range  1  x  lO'^  to  1  x  lO'*’  cm*  using  a 
Whickham  200  keV  ion-implanter..  The  samples  where 
held  at  -196"C  during  implantation  ihe  dose  and 
amorphous  layer  thickness  was  measured  by  Rutherford 
back.scattering  and  channeling  (RBS-C).  The  samples 
were  annealed  in  air  on  a  temperature-controlled  hot 

'  Also  Department  of  Electronic  Materials  Engineering, 
R.S.Phys.S,  ANU,  Canberra,  Australia. 


block  and  the  regrowth  kinetics  were  monitored  during 
annealing  using  time-resoIvcd  reflectivity  (TRR)  The 
.samples  were  then  analysed  once  again  using  RBS-C  to 
determine  the  degree  of  recrystallisaticn.  Selected  sam¬ 
ples  were  then  prepared  for  plan-view  tiansmission  elec¬ 
tron  micro.scopy  (TEM). 


(t.  Results  and  discussion 

Figs  la  and  b  compare  typical  TRR  spectra  for 
intrinsic  and  Sb  implanted  (100  keV,  9  X  lO''’  Sb/cm^) 
(100)  Si  annealed  at  600°C  Fig  Ic  shows  the  derived 
regrowth  rate  for  the  Sb-implanted  case  Initially,  the 
Sb  cau.ses  an  enhancement  in  the  regrowth  rate,  but  as 
the  inteiface  passes  through  the  region  of  high  Sb 
concentration,  the  rate  is  retarded  to  a  value  below  that 
of  intrinsic  Si.  It  remains  retarded  as  the  growth  con¬ 
tinues  towards  the  surface.  Fig  2  indicates  that  the  Sb 
is  highly  substitutional  after  the  recrystallisation  and 
that  the  Sb  profile  is  unaffected  by  the  regrowth  Re¬ 
tardation  IS  also  observed  for  samples  implanted  with 
Sn  [3],  As  [1],  In  [4]  and  Pb  (4], 

No  appreciable  interface  .segregation  or  “push-out” 
of  the  implanted  impurity  is  observed  for  Sb  or  Sn 
during  the  regrowth  retardation  pha.se.  However,  segre¬ 
gation  has  previously  been  reported  for  both  In--  and 
Pb-implanted  Si  during  the  retarded  phase  of  the  growth 
[4],  The  rate  observed  for  Sb  and  Sn-implanted  Si  is 
somewhat  surprising  as  changes  in  the  regrowth  rate 
would  be  expected  to  follow  the  unchanged  concentra¬ 
tion  profile  of  the  implanted  impurity.  Olson  and  Roth 
have  reported  similar  a.symmetric  growth  rate  behaviour 
for  As-implanted  Si,  and  speculated  that  defects  gener- 
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Fig  I  TRR  spectra,  (a)  simulated  for  600'’C,  1200  A 
amorphous  layer  on  (100)  Si,  (b)  for  9x  lO''  Sb/cm’.  100  keV, 
annealed  at  600°C',  (c)  calculated  regrowth  rates  for  intrinsic' 
and  Sb-implantcd  Si  from  the  above  data 
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Fig  3  TRR  spectra  for  (a)  (111)  Si  implanted  with  75  keV.. 
1  X  10'^  Si/cm^  annealed  at  620°C,.  (b)  1  x  lO'-'  Sb/cm%  100 
keV,  annealed  at  bOO'C,  (c)  calculated  regrowth  rates  for 
intrinsic  (O)  and  Sb-implanted  (★)  Si  from  the  above  data 


aled  at  the  peak  of  the  impurtty  profile  influence  .subse¬ 
quent  grow  th  [1 1  Further  studies  are  underway  to  clarify 
the  mechanism  for  retarded  epitaxy. 


The  presence  of  impurities  in  (111)  Si  has  been 
shown  to  have  an  effect  on  the  quality  of  the  recrystal- 
lised  material  and  on  the  regrowth  rate  of  Si  [2].  Figs.  3a 
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Fig  2  RBS  spectra  of  1(K)  keV.  9x  lO"  Sb/cm^  implanted  Si.  before  and  after  annealing  at  60()'’C.,  using  2  MeV  He^^  with  a 

scattering  angle  of  98  ° 
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and  b  show  TRR  spectra  for  annealing  at  620°C  of 
both  impurity-free  and  1  x  10”  cm"^.  100  keV  Sb-im- 
planted  amorphous  layers  on  (111)  Si.  The  regrowth  of 
(111)  Si  is  characterised  by  the  generation  of  stacking 
faults  and  twins  that  effectively  convert  (111)  directions 
to  (511)  directions  [5],  Since  (511)  Si  regrows  at  a  faster 
rate  than  (111)  Si  [6],  the  interface  becomes  rough 
during  epitaxial  regrowth.  This  loss  of  interface  planar¬ 
ity  can  be  detected  by  TRR  as  a  loss  of  contrast  in  the 
reflected  signal  [7].  Such  behaviour  is  clearly  seen  in  fig. 
3  (cf.  fig.  la).  Indeed  the  amplitude  of  the  reflectivity 
oscillations  is  much  greater  in  the  case  of  the  Sb-im- 
planted  sample  (fig.  3b)  than  for  the  Si-implanted  sam¬ 
ple  (fig.  3a);  this  indicates  a  smoother  regrowth  inter¬ 
face  for  the  Sb-implanted  case.  This  phenomenon  is 
also  observed  for  Ga,  In,  Bi,  and  Sn,  but  is  most 
pronounced  for  Sb.  The  derived  regrowth  rates  for  the 
impurity-free  and  Sb-implanted  samples  are  shown  in 
fig.  3c.  The  loss  of  contrast  in  the  TRR  signal  makes 
calculation  of  the  regrowth  rate  more  difficult,  resulting 
in  an  increased  scatter  of  the  data  poi..ts.  Nevertheless. 
It  IS  clear  that  both  .samples  exhibit  retarded  growth  in 
the  near-surface  region,  although  the  retardation  effect 
appears  to  be  greater  for  the  Sb-implanted  sample 
The  RBS-C  spectra  in  fig.  4  for  Si-  and  Sb-implanted 
Si  after  annealing  clearly  show  t.hat  the  level  of  re.sidual 
defects  remaining  in  the  Si  after  regrowth  is  less  for  the 
Sb-implanted  ca.se  than  for  the  impunty-free  case.  This 
may  indicate  that  Sb  restricts  the  formation  of  twins 
dunng  regrowth.  Plan-view  TEivi  of  the  Si-implanted 
and  the  Sb-implanted  samples  indicate  that  twins  are 


Table  1 

Summary  of  residual  damage  seen  after  annealing  of  (111)  Si 
implanted  with  vanous  impurities 


Xmm 

SPEC  rate  change 

Push-out 

Si 

46% 

- 

- 

Sb 

10% 

retarded 

no 

Ga 

23% 

enhanced 

yes 

Sn 

38% 

retarded  “ 

no 

’  See  ref.  [2). 


present  in  both  cases  after  annealing,  but  it  is  difficult 
to  accurately  measure  the  twin  concentration  in  each 
case.  However,  when  combined  with  the  channeling 
data.  It  is  clear  that  the  number  of  twins  in  the  Sb-im- 
planted  sample  is  reduced  relative  to  the  impunty-free 
sample.  Table  1  summarises  'he  level  of  residual  dis¬ 
order  (as  measured  by  the  near-surface  channeling  yield, 
Xmm)  fof  ®  range  of  different  impurities,  indicating  that 
less  defective  regrowth  is  also  obtained  in  these  cases. 
Note  that  Ga  enhances  the  growth  rate  and  is  pushed 
out  during  epitaxy,  whereas  Sb  and  Sn  retard  epitaxy 
and  retain  their  implanted  distribution. 

The  mechanism  for  this  impurity-induced  improve¬ 
ment  in  the  regrowth  quality  in  (111)  Si  is  not  clear 
Since  similar  behaviour  is  observed  for  group  HI.  IV 
and  V  impurities,  it  would  seem  to  indicate  that  the 
reduced  twinning  is  not  purely  an  electronic  effect. 
However,  electrical  dopants  do  seem  to  effect  a  greater 
reduction  in  the  number  of  twins  produced. 


Energy 


Channel 

Fig  4.  RBS  spectra  of  the  Si-  and  Sh-implanted  sample.^,  shown  in  fig  3.  after  annealing,  using  2  MeV  He^'^  with  a  scattering  angle 

of  98" 
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4.  Conclusion 

Two  interesting  regrowth  observations  in  high-dose 
lon-implanted  Si  have  been  reported.  First,  it  was  shown 
that  the  presence  of  high  concentrations  of  Sb  can 
retard  the  regrowth  rate  of  (100)  Si  without  any  noticea¬ 
ble  segregation  or  push-out  taking  place.  Furthermore, 
the  retardation  persists  to  the  surface,  and  the  growth 
rate  does  not  follow  the  impurity  concentration  profile. 
Second,  the  presence  of  lon-implanted  impurities  can 
have  a  beneficial  effect  on  the  quality  of  recrystallised 
(111)  Si  by  reducing  the  twin  density. 
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MeV  heavy-ion  beams  have  been  used  to  induce  epitaxial  crystallization  of  amorphous  Si.  GaAs,  InP.  Ge-Si  alloy  and  metal 
sihcide  layers.  In  all  cases,  the  crystallization  kinetics  and  the  quality  of  the  recrystalhzed  layers  have  been  compared  witb 
thermal-annealing  behaviour  The  most  striking  differences  between  the  two  annealing  regimes  (thermal  and  ion  beam)  have  been 
observed  for  InP  and  high-dose  In-implanted  Si.  where  lon-beam  annealing  at  low  temperatures  re.sults  in  more  extensive  and 
higher-quality  epitaxy  than  ihat  achieved  by  thermal  annealing 


1.  Introduction 

MeV  ion  implanter.s  are  receiving  increasing  atten¬ 
tion  for  a  wide  range  of  .semiconductor  applications. 
These  include  the  formation  of  buried  compounds  such 
as  silicides  and  oxides,  dopant  implants  for  deep  junc¬ 
tions  and  conducting  layers,  i-solation  of  IH-V  semicon-: 
ductor  structures,  production  of  doped  amorphous 
layers  for  subsequent  study  of  diffusion  and  crystalliza¬ 
tion.  and  for  inducing  controlled  epitaxial  crystal  growth 
of  pre-existing  amorphous  layers  at  low  temperatures.  It 
IS  this  last  application  that  is  the  subject  of  this  paper 
Amorphous  Si  layers  produced  in  crystalline  St  by 
ion  implantation  have  been  shown  to  recry.stalhze  epi¬ 
taxially  during  subsequent  MeV  ion  irradiation  at  tem¬ 
peratures  as  low  as  150°C  [1].  Under  these  conditions, 
the  crystallization  rate  is  controlled  by  the  nuclear  en¬ 
ergy  deposition  rate  at  the  amorphous-crystalline  (a-  c) 
interface  and  has  only  a  small  dependence  on  tempera¬ 
ture  (activation  energy  -  0  24  eV).  Furthermore,  the 
lon-beam-induced  crystallization  proce.ss  is  relatively  in¬ 
sensitive  to  impurities  within  the  amorphous  layer  [1]. 
This  opens  up  the  possibility  of  inducing  epitaxial 
growth  in  ca.ses  where  high  impurity  concentrations 
impede  conventional  thermally  induced  epitaxy  (2). 

fon-beam-induced  epitaxial  crystallization  has  also 
been  demonstrated  in  GaAs  [3]  and.  more  recently,  in 
amorphous  Ge-Si  alloys  [4]  and  NiSij  [5]  grown  epi¬ 
taxially  on  Si  In  this  paper,  we  report  on  an  extension 

'  Also:  Microelectronics  and  Matenal.s  Technology  Centre, 
Royal  Melbourne  Institute  of  Technology,  Melbourne,  3000, 
Australia 

^  Permanent  address.  Department  of  F.ngineering  Physics.  Me-- 
Master  University,  Hamilton.  Ontario,  Canada 
Present  address.  Physics  Department,  Queen’s  University, 
Kingston.  Ontario.  Canada. 


of  our  MeV  lon-beam-mduced  crystallization  studies, 
particularly  into  InP.  CoSg  and  high-dose-implanted 
Si.  The  crystallization  kinetics  and  the  quality  of  crys¬ 
tallization  are  compared  for  the  various  systems 


2.  Experimental 

The  experimental  sequence  for  the  present  studies  is 
.shown  schematically  in  fig.  1.  For  high-dose  Si  studies, 
(100)  Si  wafers  were  first  implanted  with  100  keV  In 
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MeV  ION  RANGE  >  m 

Fig.  1  .Schematic  illustration  of  epitaxial  crystallization  of  (a) 
an  initial  surface  amorphous  layer,,  (b)  by  thermal  annealing 
and  (c)  MeV  lon-beam  annealing. 
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ions  to  a  dose  of  2.4  X  10’^  cm"^  with  the  samples  held 
at  -  196°C.  The  resultant  amorphous  layers  were  -  100 
nm  thick  (fig.  la).  Amorphous  layers  (20-100  nm  thick) 
were  formed  in  (100)  GaAs  and  InP  wafers  by  implant¬ 
ing  with  15-50  keV  ^^Si,  ^’Si  or  ^'p  ions  to  doses  of 
-  lO'*  cm“^. 

For  multilayer  structures,  Ge-Si  alloys  and  Ni  and 
Co  silicide  layers  were  initially  grown  epitaxially  on 
either  (100)  or  (111)  Si  substrates  as  described  elsewhere 
[4,6].  These  layers  were  then  implanted  with  30-100 
keV  ^*Si  ions  to  form  amorphous  layers,  either  confined 
to  the  alloy  layer  or  extending  into  the  underlying  Si 
substrate.  All  implantations  were  performed  with  a 
Whickham  Ion  Beam  Systems  200  kV  high-current  ion 
implanter. 

Following  amorphization,  some  samples  were 
mounted  on  a  resistively  heated  hot  stage  and  annealed 
in  air  at  temperatures  between  60  and  650  °C  de¬ 
pending  on  the  substrate  type.  During  annealing,  a  633 
nm  He-Ne  laser  was  incident  on  the  sample  and  changes 
in  the  reflected  light  intensity  were  monitored  with  a 
photodiode.  This  time-resolved  reflectivity  (TRR)  tech¬ 
nique,  described  elsewhere  [7],  is  a  convenient  method 
for  measuring  the  thermally  induced  epitaxial  growth 
kinetics  (fig.  lb).  For  ion-beam-induced  epitaxy,  sam¬ 
ples  were  irradiated  with  Ne'^,  Ar^  and  Si^  ions  at 
energies  between  300  keV  and  1..5  MeV  whilst  the 
sample  temperature  was  held  constant  between  15  “C 
and  400  °C  depending  on  substrate  type.  An  in  situ 
TRR  arrangement  was  also  used  to  monitor  the  extent 
of  epitaxy  (fig.  Ic)  during  ion  irradiation 

Following  either  thermally  induced  or  lon-beam-in- 
duced  epitaxy,  samples  were  analyzed  by  Rutherford 
backscattering  and  channeling  (RBF-C)  and  selected 
samples  were  examined  by  transmission  electron  mi-- 
cro.scopy  (TEM)  techniques.  This  paper  concentrates  on 
RBS-C  to  monitor  regrowth  quality  and  TRR  to  mea¬ 
sure  crystallization  kinetics. 


3.  Results  and  discussion 

Indium-implanted  Si  samples  were  irradiated  with 
1  5  MeV  Ar^  ions  at  200°C,  300'’C  and  400  °C.  In 
situ  TRR  was  used  to  monitor  the  progress  and  quality 
of  lon-beam-induced  epitaxial  growth  by  observing  the 
amplitude  of  oscillations  in  the  reflected  light  intensity 
(7).  For  irradiation  at  400  °C.  TRR  indicated  that  epi¬ 
taxy  of  the  original  -  100  nm  thick  amorphous  layer 
proceeded  at  a  constant  rate  until  the  a-c  interface 
approached  within  ~  40  nm  of  the  surface.  Thereafter, 
the  TRR  signal  changed  abruptly  in  a  manner  indica¬ 
tive  of  an  amorphous-to-polycrystalline  phase  transfor¬ 
mation,  as  previously  observed  for  thermal  annealing  of 
high-dose  In-implanted  Si  [2]  Ion-channeling  spectra 
confirmed  that  epitaxial  growth  had  been  arrested  ~  40 
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b)  .300°C 


c) 200°C 
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Fig.  2  Schematic  In  profiles  obiained  from  RBS  .spectra  Solid 
curves  indicate  In  profiles  following  lon-beam  annealing  with 
1  5  MeV  Ar*  ions  at  (a)  400  °C,  (b)  300  “C  and  (c)  200  °C 
The  as-iinplanted  profiles  are  shown  by  the  da.shed  curves  and 
the  extent  of  Si  epitaxial  growth  with  respect  to  the  In  depth 
distribution  is  also  indicated 


nm  from  the  surface.  Fig.  2a  shows  schematically  the 
RBS  profile  for  as-implanted  In  (dashed  curve)  com¬ 
pared  with  that  obtained  following  the  400 °C  Ar* 
irradiation  (.solid  curve)  The  latter  profile  is  essentially 
similar  to  behaviour  previously  observed  for  thermal 
annealing.  The  implanted  In  is  segregated  towards  the 
surface  (at  the  a-c  interface)  and  is  then  redistributed 
within  the  near-surface  layer  which  has  transformed  to 
polycrystalline  Si  and  hence  not  undergone  epitaxial 
growth.  However,  compared  with  previous  studies  of 
thermal  annealing  at  525  °C  [2],  the  extent  of  epitaxial 
recrystallization  appears  to  be  greater  for  the  400  “C 
ion-beam  anneal  There  is  also  less  In  redistribution 
within  polycrystalline  Si  after  lon-beam  annealing,  pre¬ 
sumably  as  a  consequence  of  the  lower  annealing  tem¬ 
perature. 

lon-beam  annealing  at  300  °C  produced  more  exten¬ 
sive  epitaxy  before  the  TRR  signal  departed  from  regu¬ 
lar  oscillatory  behaviour.  In  this  case,  the  TRR  signal 
did  not  show  an  abrupt  change  indicative  of  a  sudden 
polycrystalline  phase  transformation;  rather,  it  changed 
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slowly  to  a  near-constant  level.  The  RBS  profile  of  the 
In  (fig.  2b)  also  showed  differences  from  that  in  fig.  2a. 
At  300  °C,  a  clear  In  segregation  peak  at  the  a-c 
interface  accompanies  epitaxy.  It  appears  that  an 
amorphous-to-polycrystalline  transformation  has  been 
initiated  within  the  surface  amorphous  layer  but  is 
incomplete..  Consequently,  In  has  not  yet  redistributed 
throughout  this  surface  layer. 

At  200  °C,  the  ion-beam  annealing  behaviour  is  again 
different.  Epitaxy  proceeds  towards  the  surface  but 
TRR  indicates  extremely  slow  (retarded)  growth  as  the 
a-c  interface  proceeds  to  within  30  nm  of  the  surface. 
In  fact,  the  growth  could  not  be  completed  in  a  reasona¬ 
ble  time  under  the  Ar^  bombardment  conditions  used. 
Furthermore,  the  In  profile  following  200  °C  beam  an¬ 
nealing  (fig.  2c)  indicates  much  less  segregation  than 
that  at  higher  ion-beam  annealing  temperatures.  In  this 
case,  the  near-surface  layer  appears  not  to  have  trans¬ 
formed  to  a  polycrystalline  layer. 

More  detailed  analysis  of  ion-beam- annealed  layers 
of  high-dose  In-implanted  Si  will  be  presented  elsewhere, 
including  TEM  measurements.  However,  some  im¬ 


portant  features  are  clear  from  the  present  preliminary 
study: 

(i)  lower  lon-beam  annealing  temperatures  favour  epi¬ 
taxy  over  the  competing  amorphous-to-polycrystal- 
line  transformation; 

(ii)  less  In  is  segregated  at  the  advancing  amorphous- 
to-crystalline  interface  as  the  lori-beam  annealing 
temperature  is  lowered. 

These  observations  suggest  that  In  diffusion  in 
amorphous  Si  (the  proposed  initiating  factor  in  the 
thermally  induced  phase  transformation  and  In  inter¬ 
face  segregation  [2])  is  less  pronounced  during  lon-beam 
annealing  than  during  thermal  annealing  at  higher  tem¬ 
peratures.  Thus,  ion-beam  annealing  at  low  tempera¬ 
tures  may  offer  the  prospect  of  improved  crystal  growth 
of  Si  amorphous  layers  implanted  with  high  doseo  of 
impurities. 

Fig.  3  shows  RBS-C  spectra  indicating  the  quality  of 
recrystallization  achieved  in  GaAs  following  both  fur¬ 
nace  and  lon-beam  annealing.  Previous  studies  [3]  have 
shown  that  furnace  annealing  (at  250  °C)  initially  in¬ 
duces  good  quality  epitaxy,  but  severe  twinning  occurs 
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Fig  3.  RBS-C  spectra  illustrating  the  extent  of  epitaxial  growth  following  ihermal  annealing  at  270  °C  (a)  compared  with  partial 
epitaxy  during  ion  beam  annealing  with  1.5  MeV  Ne^  at  75°  (■).  The  final  spectrum  (O)  corresponds  to  the  starting  material  with 

an  -  650  A  amorphous  surface  layer 
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Fig  4.  RBS-C  spectra  illustrating  the  quality  of  crystallization 
of  a  -100  nm  amorphous  layer  on  (100)  InP  (o)  during 
furnace  annealing  at  260  °C  (•)  compared  with  lon-beam 
annealing  with  1,5  MeV  Ar*  at  145°C  (a)  A  virgin  InP 
spectrum  is  also  shown  (a). 


as  the  growth  proceeds  towards  the  surface.  The  be¬ 
haviour  indicated  in  fig.  3  is  consistent  with  such  a 
growth  process.  As  shown  in  fig.  3,  ion-beam  annealing 
with  l.,5  MeV  Ne"^  at  75°C  results  in  more  extensive 
epitaxy  than  furnace  annealing.  In  this  case,  the 
amorphous  GaAs  has  only  been  partly  recrystallized 
and  about  half  of  the  layer  remains  amorphous. 
Higher-dose  Ne'^  irradiation  leads  to  a  breakdown  in 
epitaxy  and  eventually  results  in  extensive  near-surface 
damage  which  could  originate  from  lon-beam-induced 
dis'sociation  of  GaAs. 


In  contrast  to  GaAs,  fig.  4  shows  that  InP  exhibits 
much  improved  epitaxy  under  ion-beam  annealing  (1.5 
MeV  Ar"^  at  145 '’C)  compared  with  furnace  annealing 
at  260  "C.  TEM  suggests  that  twinning  is  suppressed 
during  ion-beam  annealing  at  low  temperatures,  con¬ 
sistent  with  the  low  levels  of  residual  disorder  as  mea¬ 
sured  by  RBS-C  [8].  Furthermore,  TRR  spectra  imply 
that  the  planarity  of  the  crystallization  front  is  much 
better  for  InP  than  for  GaAs.  This  nay  account  for,  or 
be  a  consequence  of,  the  reduced  twinning. 

Table  1  summarizes  the  lon-beam  annealing  be¬ 
haviour  for  various  semiconductor  structures  compared 
with  furnace  annealing.  As  indicated  in  figs.  2,  3  and  4, 
low-temperature  ion-beam  annealing  can  have  ad¬ 
vantages  over  furnace  annealing  in  terms  of  improved 
epitaxy  for  high-dose-ion-implanted  elemental  semicon¬ 
ductors  and  for  compound  semiconductors.  For  Gc-Si 
alloys  on  (100)  Si.  our  previous  ion-beam  studies  [4] 
have  shown  that  high-Ge-content  amorphous  layers  (ex¬ 
ceeding  20%)  can  be  recrystallized  epitaxially  in  a  layer- 
by-maiiner  from  the  underlying  Si  substrate  Such  be¬ 
haviour  cannot  be  achieved  by  furnace  annealing  since 
the  crystallization  temperatures  of  Si  and  the  Ge-rich 
alloy  are  very  different.  The  initial  result  of  furnace 
annealing  in  50%  Ge-rich  layers  is  a  polycrystalline 
alloy  layer.  In  addition,  lon-beam  annealing  forms 
strained  Ge-Si  alloy  layers  on  Si  when  the  Ge  content 
IS  <  30%.,  similar  to  the  behaviour  in  the  MBE  grown 
starting  material.  There  are  also  indications  from  other 
workers  [9.10]  that  different  (both  higher  and  lower) 
strain  levels  can  be  sustained  in  annealed  layers  than  in 
initial  layers  grown  by  molecular  beam  epitaxy. 

For  silicide  layers  on  Si  (111),  both  amorphous  N1S12 
[5]  and  CoSi;  can  be  epitaxially  recrystallized  using 


Table  1 

Comparison  of  the  epitaxial  growth  kinetics  and  growth  quality  of  a  number  of  semiconductor  structures  annealed  thermally  and 
with  MeV  ion  beams 


Sample 

Furnace  annealing 

Temp.[“C]  £,„(eV] 

Ion-beam  annealing 

Te.mpC’CI  £,„(eV) 

Advantages  of  lon-beam  annealing 

Si  (100) 

S550 

27(111 

>200 

0.2-0.3  (1) 

Less  sensitive  to  impurity  effects 

Ge(lOO) 

S330 

2.0(121 

2150 

0.2-0.3  (10) 

Similar  to  Si 

Si-Ge  on  Si  (100) 

330-550 

1  8-2  7 

2  200 

0  2-0,3(10] 

Improved  epitaxial  growth  for  high 

Ge  content  alloys  on  Si. 
preserves  strained  layers 

GaAs  (100) 

2  250 

16(13) 

2  75 

-0.17(3] 

Slightly  improved  growth  but 
dislocations  introduced 

InP  (100) 

2  200 

1.6(8] 

2150 

015(8] 

Greatly  improved  growth  but 
dislocations  introduced 

NiSijonSiflll) 

2  80 

1.1  (6) 

2O 

0.26(5]  ) 

Can  induce  epitaxial  growth  but  also 
high  levels  of  lon-beam-induced 

CoSi2on  Si  (111) 

2100 

12(6) 

240 

0  21  (14]  1 

defects 
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ion-beam  irradiation  at  temperatures  below  50  °C.  This 
results  in  amorphization  of  underlying  Si,  leading  to 
crystalline  Si/amorphous  Si/crystalline  silicide  struc¬ 
tures.  The  quality  of  recrystallized  silicide  layers  is  not 
as  good  as  those  obtained  using  furnace  annealing  as  a 
result  of  ion-beam-induced  defects  [5]. 

Table  1  also  includes  the  activation  energies  for  both 
thermal  and  ion-beam-induced  epitaxy  for  the  various 
structures  listed.  It  is  significant  to  note  that,  in  all 
cases,  the  activation  energy  for  ion  beam  annealing  is 
1/5  to  1/10  of  the  value  for  thermal  annealing.  As 
indicated  earlier  [1,3]  this  suggests  that  the  ion  beam 
introduces,  athermally,,  preferred  growth  (nucleation) 
sites  at  the  a-c  interface,  which  constitute  the  high-en¬ 
ergy  component  of  the  thermal  activation  energy.  It  is 
interesting  that  the  silicides,  which  are  metallic  layers, 
also  exhibit  the  same  low  activation  energy  for  ion- 
beam-induced  epitaxy  as  do  the  semiconductor  layers. 
This  may  reflect  the  covalent  nature  of  bonding  in 
metal  silicides. 


4.  Conclusions 

The  conclusions  from  this  study  of  MeV  lon-beam- 
induced  crystallization  of  semiconductor  structures  are 
as  follows: 

(i)  the  lower  temperatures  afforded  by  ion-beam-in¬ 
duced  epitaxy  can  be  used  to  suppress  In  diffusion, 
interface  segregation  and  polycrystalline  phase 
transformations  in  high-dose  In-implanted  Si; 

(11)  ion-beam  annealing  can  lead  to  dramatically  im¬ 
proved  epitaxy  (and  reduced  twinning)  in  the  case 
of  InP; 

(til)  amorphous  Ge-Si  alloys  of  high  Ge  content  on 
(1(X))  Si  can  be  successfully  recrystallized  epitaxi¬ 
ally  using  ion  beams,  compared  with  poor-quality 
thermally  induced  crystallization;  and 
(iv)  in  all  cases,  even  for  metal  silicides,  the  activation 


energies  for  lon-beam-induced  epitaxy  are  5  to  10 
times  tower  than  those  for  thermal  epitaxy. 
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Distribution  of  paramagnetic  defects  formed  in  silicon 
by  MeV  ion  implantations 

Y.  Yajima,  N.  Natsuaki K.  Yokogawa  and  S.  Nishimatsu 

Central  Research  Lahoratorv,  Hitachi  Ltd ,  Koktihunji,  Tokyo  185,  Japan 


Two  different  types  of  paramagnetic  centers  in  silicon,  Si-P3  (neutral  (110)  planar  tetravacani  les)  in  a  well  defined  crystalline 
structure  and  point  defects  with  poorly  defined  local  structure  in  substantially  damaged  crystalline  environments,  formed  by  3  MeV 
phosphorus  and  silicon  ion  implantations  up  to  a  dose  of  1  xlO''*  cm“’  have  been  compared  both  in  the  dose  dependence  of  area 
densities  and  in  depth  profiles  When  the  dose  reaches  to  1  x  lO''*  cm“".,  the  area  density  f  Si-P3  starts  to  saturate  while  that  of 
“indefinite"  point  defects  keeps  increasing  Also  at  this  dose,  the  mean  concentration  of  Si  P3  deceases  as  a  function  of  depth  from 
the  surface  whereas  that  of  “indefinite”  point  defects  increases  The,se  results  are  discus  .ed  in  terms  of  a  damage  overlap  model  in 
conjunction  with  a  Monte  Carlo  simulation  of  lattice  disorder. 


1.  Introduction 

Ion  implantation  in  the  MeV  region  is  a  promising 
new  doping  technique  that  would  make  it  possible  to 
fabricate  novel  semiconductor  device  structures  (1,2). 
Accordingly,  there  is  a  growing  interest  in  the  effects  of 
MeV  ion  bombardments  on  the  crystalline  state  of 
substrate  semiconductors  [3-7], 

We  have  previously  reported  the  results  of  EPR 
(electron  paramagnetic  resonance)  investigation  on  3 
MeV  phosphorus  ion  implantation  into  silicon  (8).  EPR 
measurements  at  room  temperature  in  conjunction  with 
successive  removal  of  sample  surfaces  have  revealed 
that' 

(1)  implantation  of  10'“' cm'^  ions  results  in  the  prefer¬ 
ential  formation  of  Si-P3  (neutral  {110}  planar  te- 
travacancies  [9,10]): 

(2)  these  Si-P3  are  embedded  in  a  well-defined  crystal¬ 
line  region  retaining  the  original  lattice  structure 
and  orientations: 

(3)  their  density  decreases  in  going  from  the  surface 
toward  the  buried  phosphorus-rich  layer; 

(4)  tn  addition  to  sharp  Si-P3  lines,  a  broad  and  slightly 
anisotropic  resonance  appears. 

The  above  broad  resonance  has  been  attributed  to 
the  dangling-bond-type  point  defects  with  poorly  de¬ 
fined  local  structure  located  in  crystalline  environments 
that  are  substantially  damaged,  but  not  fully  rando¬ 
mized  nor  amorphized,  by  the  ion  impact.  Paramagnetic 
centers  in  this  heavily  damaged  region  are  not  likely  to 
give  EPR  lines  with  narrow  Imewidths  and  definite 

'  Present  address;  Device  Development  Center,  Hitachi  Ltd., 
Ome,  Tokyo,  Japan. 


anisotropy  just  like  those  of  Si-P3.  since  orientations  of 
local  lattice  structure  deviate  around  the  mean,  perhaps 
original,  orientations.  Therefore,  we  can  say  that  Si-P3 
and  t  .ese  “indefinite”  point  defects  are  not  coexistent. 
They  are  separated  in  regions  different  from  each  other 
in  terms  of  the  extent  of  lattice  disorder.  Accordingly, 
the  s-patial  distribution  of  Si-P3  and  “indefinite”  point 
defects  should  reflect  the  distribution  of  lightly  damaged 
and  heavily  damaged  crystalline  regions,  respectively 
We  have  thus  compared  the  depth  profiles  of  Si-P3 
and  “indefinite”  point  defects  as  well  as  the  dose  de¬ 
pendence  of  their  area  densities  in  order  to  elucidate 
how  the  crystalline  di.sorder  develops  with  the  MeV  ion 
bombardments. 


2.  Experimental 

Details  of  experimental  procedures  have  been  de¬ 
scribed  previously  [8].  Here  we  only  summarize  the 
points  essential  for  the  discussion  that  follows. 

Samples  were  prepared  from  high-resistivity  (500- 
2000  n  cm)  FZ  silicon  wafers.  Ion  implantations  were 
performed  under  nonchanneling  conditions  at  tempera¬ 
tures  between  50  °C  and  room  temperature.  Tempera¬ 
ture  nse  of  samples  prior  to  the  measurements  was 
carefully  avoided.  EPR  measurements  were  earned  out 
at  room  temperature  on  an  X-band  EPR  spectrometer. 
The  absolute  numbers  of  paramagnetic  species  were 
determined  only  within  the  accuracy  of  a  factor  5. 
During  the  process  of  surface  stripping  for  the  depth 
profile  analysis,  su’-face  roughness  gradually  increased 
because  of  etching-rate  inhomogeneity.  This  allowed  the 
determination  of  only  the  approximate  profiles.  The 
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attempt  to  obtain  the  depth  profile  in  the  region  deeper 
than  about  2.5  (im  from  the  original  surface  was 
hampered,  since  the  decrement  of  EPR  intensity  at  each 
step  of  surface  removal  became  comparable  to  the  noise 
level  of  the  signal  in  this  region. 


3.  Results  and  discussion 

EPR  spectra  of  silicon  implanted  with  1  X  10*''  cm“^ 
phosphorus  ions  at  3  MeV  are  compared  with  corre¬ 
sponding  simulated  Si-P3  spectra  in  fig.  1.  Sharp  lines 
are  readily  attributed  to  '^i-P3.  Their  systematic  angular 
variation  relative  to  tli-  original  crystal  axes  as  well  as 
the  narrow  line  profile  indicates  that  these  Si-P3  are 
embedded  in  a  well  defined  crystalline  region  where  the 
lattice  structure  and  orientations  remain  unaffected  by 
the  ion  bombardments. 

The  broad  resonance  overlapping  with  Si-P3  lines 
exhibits  a  slight  but  obvious  anisotropy.  This  resonance 
looks  “sharpest”  when  the  exte'nal  static  magnetic  field, 
B,  is  parallel  to  one  of  the  (100)  axes.  Regardless  of  the 
type  of  g  tensoi  involved,  a  cubic  lattice  structure 
renders  the  highest  degeneracy  of  the  effective  g  value 
when  B  ii  <100).  Paramagnetic  species  giving  rise  to 


Fig.  1.  Room-temperature  EPR  spectra  at  9.530  GHz  of  silicon 
implanted  with  3  MeV  phosphorus  ions  to  a  dose  of  1  x  10*'’ 
cm  ■  ^  (upper),  and  simulated  Si-P3  spectra  (lower). 


this  broad  anisotropic  resonance  are  thus  supposed  to 
exist  m  substantially  damaged,  but  not  fully  rando¬ 
mized,  crystalline  environments  in  which  lattice  orienta¬ 
tions  deviate  around  the  original  ones.  The  anisotropy 
also  indicates  that  these  paramagnetic  species  favor 
some  specific  local  structure,  but  it  might  not  be  so 
definite  as  that  of  Si-P3.  They  are  thus  referred  to  as 
“indefinite”  point  defects  hereafter. 

The  above  observation  suggests  that  Si-P3  and  indef¬ 
inite  point  defects  are  not  coexistent  in  the  same  region, 
but  are  distributed  separately  in  different  regions. 
Therefore  we  classify  damaged  regions  into  two  cate¬ 
gories,  lightly  damaged  regions  and  heavily  damaged 
regions.  EPR  measurements  facilitate  the  probing  of  the 
former  through  the  sharp  lines  of  Si-P3  and  of  the  latter 
through  the  broad  anisotropic  resonance  of  indefinite 
point  defects. 

Area  densities  of  Si-P3  and  indefinite  point  defects 
formed  by  3  MeV  phosphorus  ion  implantation  at  a 
dose  of  1  X  10'“*  cm”^  and  3  MeV  silicon  ion  implanta¬ 
tions  at  lower  doses  are  plotted  together  in  fig.  2a 

Here  we  only  discuss  the  dose  dependence  by  refer¬ 
ring  to  the  fact  that  the  experimental  accuracy  m  this 
work  is  not  sufficient  to  distinguish  the  mass  and  atomic 
number  differences  between  phosphorus  and  silicon 
ions.  This  is  justified  in  a  more  quantitative  manner  by 
standard  LSS  calculations  of  nuclear  stopping  power 
(fig.  3).  It  is  seen  that  experimental  values  should  be 
determined  with  an  accuracy  of  at  least  15%  for  an 
investigation  in  which  the  difference  between  3  MeV 
phosphorus  and  3  MeV  silicon  ion  implantations  is  to 
be  discussed.  This  is  not  the  case  in  the  present  work. 

An  advantage,  of  which  we  make  much  use  here,  of 
comparing  phosphorus  ion  implantation  with  silicon  ion 
implantation  is  that  one  can  rule  out  the  impurity-dnven 
effect,  if  any,,  even  when  one  discusses  the  results  of 
phosphorus  ion  implantation. 

Returning  to  fig.  2a,  one  recognizes  that  the  density 
of  Si-P3  tends  to  saturate  when  the  dose  reaches  1  X  lO''* 
cm~^,  while  that  of  indefinite  point  defects  keeps  in¬ 
creasing.  This  IS  an  indication  of  damage  overlap;  sub¬ 
sequent  ions  cause  new  damage  in  the  lightly  damaged 
region  formed  by  the  preceding  ion.  This  multiple  over¬ 
lap  of  damage  alters  lightly  damaged  regions  into  heavily 
damaged  regions  where  well  behaved  Si-P3  can  no 
longer  survive. 

Depth  profiles  of  Si-P3  and  indefinite  point  defects 
formed  by  1  X  in’‘'cm“^  3  MeV  phosphorus  ions  shown 
in  fig.  4  also  support  this  view.  The  decrease  of  Si-P3 
and  the  increase  of  indefinite  point  defects  in  going 
from  the  surface  to  the  buried  phosphorus-rich  layer 
again  suggest  that  the  lightly  damaged  region  is  de¬ 
pleted  with  the  growth  of  the  heavily  damaged  region. 

For  further  analysis  we  develop  a  model.  We  aim  at 
constructing  a  model  which  reproduces  essential  fea¬ 
tures  of  the  dose  dependence  of  integrated  area  densi- 
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Fig  2.  (aj  Area  densities  of  Si-P3  and  indefinite  point  defects 
formed  in  silicon  by  3  MeV  phosphorus  and  silicon  ion  im¬ 
plantations  at  different  doses.  At  a  dose  of  4x  10'^  cm"^  only 
the  upper  limit  has  been  determined  for  the  area  density  of 
indefinite  point  defects  because  of  the  broad  line  profile  to¬ 
gether  with  its  substantial  overlap  with  Si-P3  lines  and  with  a 
signal  presumably  arising  from  sample  edges  (b)  Calculated 
dose  dependence  of  p,  and  D|pd.  See  text  for  their  defini  - 
tions 


ties  and  the  depth  profiles  of  the  two  types  of  defects  tn 
as  sir’-iple  a  way  as  po.ssible 

We  first  make  an  assumption  that  each  incident  ion. 
if  fully  isolated  from  others,  creates  what  we  refer  to 


TOTAL  RANGE  (um) 

Fig  3.  Calculated  nuclear  stopping  power  as  a  function  of  total 
range  The  universal  nuclear  stopping  function  proposed  in  ref. 
[1 1 1  has  been  employed  in  the  calculation 
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Fig  4  Approximate  depth  profiles  of  Si-P3  and  indefinite 
point  defects  (.solid  lines).  The  profile  of  Si-P3  was  taken  from 
ref  (8)  Also  shown  are  the  calculated  depth  profiles  of  ng,  p, 
and  /i|pu  defined  in  the  text  (da.shcd  lines)  The  phosphorus 
atom  distribution  is  also  shown  for  coi.ipanson. 


here  as  a  lightly  damaged  region  Accordingly,  a  heavily 
damaged  region  appears  only  at  a  multiple  overlap  ot 
lightly  damaged  regions.  In  addition,  Si-P3  are  assumed 
to  be  distributed  uniformly  in  the  lightly  damaged  re¬ 
gion.  We  then  introduce  an  overlapping  factor,,  F.  as 
F  =  A/,  where  N  and  f  denote,  respectively,  the  number 
of  ions  pa.ssing  through  a  volume  element  of  the  target 
material,  and  the  volume  fraction  of  damaged  region 
induced  in  this  volume  element  by  the  pas, sage  of  each 
ion.  In  the  situation  of  ion  implantation  which  we  are 
dealing  with,  the  overlapping  factor  F  becomes  propor¬ 
tional  to  the  total  dose  through  N.  and  depends  on  the 
depth  from  the  surface  through  /.  The  depth  depen¬ 
dence  of  F  arising  from  the  nonuniformity  of  the 
damage  profile  merits  particular  attention.  Although 
frequently  neglected,  this  is  crucial  to  a  model  attempt-- 
ing  to  interpret  the  depth  distribution  of  defects. 

One  then  obtains  a  set  of  equations  for  F,  (iS  1), 
the  volume  fraction  of  lightly  damaged  region  subjected 
to  I  times  overlap,  and  K),  the  volume  fraction  of 
undamaged  region, 
dKo/dF=  -  K),. 
dK,/d/’= -K+ K,_,  (/§!). 

One  immediately  get.s,  under  the  conditions  Fq  =  1,. 
K|  =  ^2  =  . . .,  =  0  at  f  =  0,  namely  no  damage  before 
implantation, 

Ko  =  exp(-f).: 

F;,  =  exp(  -F)  F'/i '  ( 1  S  1 ) 
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If  the  damage  overlap  of  any  multiplicity  results  in 
the  formation  of  a  heavily  damaged  region,  and  if  the 
concentration  of  indefinite  point  defects  in  the  heavily 
damaged  region  is  proportional  to  the  multiplicity  of 
the  overlap,  the  concentration  of  Si-P3,  /is, -pi.-  and  that 
of  indefinite  point  defect.s,  /i|pi).  are: 

I'si.pi  =  A.f'i  ^  kFe\p(-F), 

/iii.i,  =  A''(21;  +  3K,  +  .  )-A'f[l -exp(-/-')], 

where  the  proportionality  constants  A  and  A''  are  in 
general  different  from  each  other.  Since  we  are  not 
interested  in  ab.solute  concentrations  of  Si-P3  and  indef¬ 
inite  point  defects,  the.se  proportionality  constants  are 
not  detrimental.  This  formalism  is  similar  to  that  em- 
phned  in  the  analysis  of  amorphization  ba.sed  on  the 
overlap  of  damage  clusters  [12.13]. 

Integration  of  /i^,  p,  and  /i|,,„  in  terms  of  depth, 
Melds  integrated  area  densities.  />s.-pv  and  re¬ 

spectively 

^si-pv  “  (  "si-pi{-  )  dc.- 

■'ll 

^ii'O  “  /  "ipi){  - )  dr.  (1 ) 

■/(I 

Kxcept  for  unimportant  proportionality  factors.  A 
and  A this  model  depends  on  a  single  parameter,-  F  It 
IS,  however,  impossible  to  determine  F  by  any  experi¬ 
mental  means  available  As  a  practical  compromise,  we 
assume  that  F  is  proportional  to  the  density  of  dis¬ 
placed  lattice  atoms  per  unit  ion  dose.  which  is, 

of  course,  dependent  on  the  depth  from  the  surface, 

f  ~~  t  /n.p/l  [)[  .\ 

where  the  incident  ion  dose  is  denoted  by  and  the 
proportionality  constant.-  c,-  is  cho.sen  so  that  it  repro¬ 
duces  experimental  results  satisfactorily.  The  value  of 
/!i,i.,j  at  each  depth  is  readily  available  from  a  Monte 
Carlo  simulation  [14]  Then  integrated  area  den.sities  are 
obtained  by  carrying  out  the  integrations  (1)  numeri- 
callv. 

The  dose  dependence  of  /)si-pv  ^tnd  Z)„,„  in  which  < 
IS  set  to  1  8  X  10  ■'  cm’  is  shown  in  fig.  2B.  It  agrees 
well  with  the  corresponding  dose  dependence  of  Si-P3 
and  indefinite  point  defect  area  densities  (fig.  2a). 

Dcptli  profiles  of  /isi.pi  and  /?|p„,  based  on  the  .same 
value  of  are  illustrated  in  ^ig  4  together  with  the 
experimentally  determined  depth  profiles  of  Si-P3  and 
indefinite  point  defects  Considering  the  poor  depth 
resolution  of  the  experiment  and  the  simplicity  of  the 
model  adopted  here,  the  agreement  should  be  regarded 
as  .satisfactory 

The  profile  of  /is.-pi  in  the  deep  region  where  expeii- 
mental  data  are  no  longer  available  is  worth  mention¬ 
ing  The  peak  appearing  in  the  /!s,-pv  profile  in  the 
region  behind  the  phosphoru.s-rich  layer  is  a  natural 


consequence  of  the  model  employed  here.  Our  model 
correlates  ion  bombardments  with  the  resultant  lattu  * 
damage  only  by  the  energy  conveyed  by  the  incident 
ions  and  dissipated  through  nuclear  processes  The  role 
of  knocked-on  lattice  atoms,  for  instance,  is  not  taken 
into  account,  although  it  has  been  pointed  out  that  a 
substantial  amount  of  knocked-on  lattice  atoms  accu¬ 
mulates  in  the  region  where  /is,. pi  ba.sed  on  our  model 
gives  a  peak  [15],  This  behavior  of  knocked-on  lattice 
atoms  might  argue  against  the  existence  of  a  dense 
Si-P3  layer  behind  the  phosphorus-rich  layer,  since 
knocked-on  lattice  atoms  possibly  at  interstitial  posi¬ 
tions  could  easily  annihilate  vacancy-type  defects  like 
Si-P3 

Although  the  details  still  remain  open  for  further 
investigation.,  experimental  results  and  their  analyses 
based  on  the  simple  model  presented  here  clearly  mani¬ 
fest  the  important  role  of  damage  overlap  in  the  forma¬ 
tion  of  lattice  disorder  prior  to  amorphization. 
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Evolution  of  low-fluence  heavy-ion  damage  in  Si  under  high  energy 
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The  annealing  of  low-fluence  heavy-ion  damaged  Si  crv^tals  induced  by  ion  assisted  treatments  is  reported.  Damage  was 
produced  by  150  keV  Au  implantations  at  a  dose  of  2xl0‘'  ions/cm‘  onto  (100)  oriented  Si  single  crystals  and  resulted  in  small 
amorphous-hke  regions  surrounded  by  crystal  material  The  interaction  of  these  damaged  structures  with  defects  induced  by  energetic' 
ions  (600  keV  Kr'*  )  was  investigated.  Kr  post-irradiation  resulted  in  either  damage  accumulation  or  annealing,  depending  on  the 
substrate  temperature  A  transition  temperature  of  about  420  K  was  found  between  these  two  different  regimes.  Ion-assisted 
prixesses  are  discussed  and  explained  on  the  basis  of  the  damage  morphology 


1.  Introduction 


2.  Experimental 


The  epitaxtal  recrystallizaiion  of  continuous  amor¬ 
phous  St  (a-Si)  layers  under  both  thermal  [1]  and  lon-as- 
sisted  [2,3]  treatments  has  been  the  subject  of  extensive 
investigations  during  the  last  decade.  Thcmal  heating 
of  a-Si  layers  onto  single  crystal  substrates  results  in 
layer-by-layer  growth  at  temperatures  above  750  K.  At 
lower  temperatures,  however,  the  process  is  kinetically 
inhibited  and  the  amorphous  phase  exists  under  meta- 
stable  conditions.  In  the  temperature  range  between  400 
and  650  K  epitaxial  recrystallization  can  also  occur  if 
stimulated  by  ion  beam  irradiation  [2,3].  This  process 
has  been  attributed  [4,5]  to  the  generation  of  a  non- 
equilibnum  defect  concentration  which  enhances  the 
kinetics  of  the  phase  transition  Moreover,  as  voon  as 
the  temperature  is  further  decreased  the  process  can  be 
reversed  and  ion  irradiation  can  produce  a  layer-by-layer 
amorphization  [6], 

Heavy-ion  damaging  of  Si  crystals  at  low  doses  is 
not  able  to  fully  amciphize  a  surface  layer  and  produces 
instead  several  damage  clusters  embedded  in  a  crystal 
matrix.  The  nature  and  annealing  behavior  of  these 
clusters  raised  great  interest  in  the  last  years  (7-10).  The 
question  concerning  the  “amorphicity"  of  these  clusters, 
however,  is  still  unresolved. 

In  this  paper  we  have  studied  the  evolution  of  low- 
dose  Au  damaged  regions  in  Si  under  lon-assisted  treat¬ 
ments,  in  order  to  investigate  the  difference,  if  any.  with 
the  behavior  of  continuous  amorphous  layer.s  and  to 
obtain  a  better  understanding  on  the  morphology  of 
this  damage. 


(100)  oriented  Si  single  crystals  were  predamaged  by 
1 50  keV  Au  implantations  at  a  dose  of  2  X  10’  ’  lons/cm’ 
and  at  an  average  current  density  of  5  nA/cm‘  Au 
implantations  were  performed  maintaining  the  samples 
either  at  room  temperature  (RT)  or  at  77  K  (LN-T)  by 
means  of  a  liquid  nitrogen  cooled  sample  holder.  Fig.  1 
shows  2,0  Me\'  He’  Rutherford  backscattering  (RBS) 
spectra  .n  random  (continuous  line)  and  with  the  He* 
beam  aligned  along  the  (100)  direction,  for  the  as-im¬ 
planted  samples.  A  grazing  angle  detection  was  used  to 
enhance  the  depth  resolution.  Open  circles  refer  to 
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Fig  1  RBS  spectra  in  random  (continuous  line)  and  in  chan¬ 
neling  along  the  (100)  direction  (.symbols)  for  Au  damaged  Si 
single  crystals  at  LN2T  (closed  circles)  and  at  RT  (open  circles) 
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samples  damaged  at  RT.  closed  circles  to  those  damaged 
at  LN,!.  In  both  cases  a  damage  peak  at  a  depth  of  40 
nm  IS  present.  From  an  analysis  of  these  spectra  we  can 
estimate  that  the  total  number  of  displaced  Si  atoms  per 
unit  area  is  about  9  x  lO'*’  at./cm‘  for  RT  damaged 
samples  and  1.4  X  10'^  at./cm^  for  LNiT  damaged  sam¬ 
ples.  i.e._.  about  4500  and  7000  atoms  per  collision 
cascade  respectively.  We  can  correlate  this  difference  to 
dynamic  annealing  processes  which  occur  already  dur¬ 
ing  RT  implantations.  This  result  is  in  qualitative  agree¬ 
ment  with  the  amorphization  model  proposed  by 
Morehead  and  Crowder  [11]  where  the  size  of  stable 
amorphous  clusters  formed  around  a  giwn  ion  track 
strongly  depends  on  the  substrate  temperature 

The  morphology  of  RT  as-damaged  samples  has 
been  also  investigated  by  plan-view  transmission  elec¬ 
tron  microscopy  (TEM).  as  shown  by  the  image  in  fig. 
2  Bright  regions  represent  undamaged  crystal  material, 
black  dots  are  associated  to  clusters  of  defects,  whilst 
the  diffused  grey  regions  are  probably  composed  by 
amorphous  material.  The  presence  of  the  amorphous 
phase  IS  confirmed  by  the  diffraction  pattern  shown  as 
an  inset  in  the  same  figure. 

lon-assisted  treatments  were  performed  on  RT 
damaged  samples  by  irradiation  with  a  600  keV  Kr’^ 
beam  at  different  do.ses  and  for  different  .sub.strate 
temperatures  in  the  range  350-500  K.  The  beam  was 
electrostatically  scanned  onto  a  1  in  diam  sample  area 
and  the  average  do.se  rate  was  maintained  at  1  x  10'“ 
ions/cm‘  s 


EnergylMeV) 

Fig  }  RBS  spectra  in  random  (conlinuous  line),  and  in  (100) 
aligned  direction  of  Au  damaged  Si  crystals  before  and  after 
poM-irradiation  with  600  keV  Kr  ions  Spectra  refer  to  irradia¬ 
tion  performed  at  a  substrate  temperature  of  (a)  .178  K.  and  (b) 
438  K  at  different  Kr  doses 


3.  Results  and  discussion 


Fig.  3  shows  the  RBS  .spectra  in  random  (continuous 
line)  and  with  the  He  beam  aligned  along  the  (100) 


Fig.  2  TEM  plan-view  micrograph  of  RT  Au  damaged  sam¬ 
ples  The  diffraction  pattern  is  shown  as  an  inset 


direction  (symbols),  before  and  after  Kr  irradiations  at 
different  doses  and  for  different  substrate  temperatures. 
At  a  temperature  of  378  K  (fig  3a)  an  increase  of  the 
damage  peak.,  corre.sponding  to  disorder  accumulation, 
is  observed  At  a  dose  of  5  x  10'“  ions/cm‘  a  continu-. 
ous  amorphous  layer  is  obtained.  A  completely  opposite 
behavior  is  shown  in  fig.  3b  where  at  a  substrate  tem¬ 
perature  of  438  K  the  damage  peak  is  seen  to  decrease. 
I  e...  a  reordering  of  the  displaced  atoms  is  taking  place 
The  structure  of  both  unirradiated  as-damaged  sam 
pies  and  Kr  irradiated  samples  was  investigated  by 
cross-sectional  TEM  analy.ses.  Fig  4a  shows  the  mor¬ 
phology  of  the  non-irradiated  as-damaged  sample.  At  a 
depth  of  about  40  nm  damage  structures  are  present. 
The  darker  areas  can  probably  be  attributed  to  clusters 
of  defects  w'hich  are  generated  at  the  boundaries  of  the 
Au  collision  subcascades  whilst  the  grey  regions  are 
amorphous.  This  picture  is  consistent  with  the  plan-view 
image  shown  m  fig.  2  In  fig.  4b  the  effect  of  Kr  post 
irradiation  on  the  damaged  samples  at  a  temperature  of 
378  K  and,  at  a  dose  of  5  X  10'“  lons/cm’  (RBS 
spectrum  in  fig.  3a)  is  clearly  shown.  A  continuous 
amorphous  layer,  with  a  wavy  interface  is  pre.sent.  The 
c-a  interface  is  composed  by  a  band  of  defects  (darker 
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regions)  accumulated  during  Kr  irradiation  and  swept 
on  the  border  during  the  growth  of  the  amorphous 
layer  Fig  4c.  finally,,  shows  the  damage  morphology  in 


Fig.  4.  TEM  cross-sectional  images  of  Au  damaged  samples  (a) 
before  and  (b)  after  600  keV  Kr  irradiation  at  378  K  to  a  dose 
of  5xl0'‘*  Kr/cm^  and  (c)  at  438  K  to  a  dose  of  3x10'* 
Kr/cm^ 
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Fig  5  Radial  rate  as  a  function  of  the  reciprixal  temperature 
(on  a  linear  scale)  The  iransilion  temperature  between  the 
amorphiration  regime  and  the  crystallization  regime  corre¬ 
sponds  to  a  null  rate  In  the  inset,  in  a  logarithmic'  plot,  the 
annealing  rate  of  is-'!aied  damage  clusters  (closed  circles)  is 
shown  together  with  the  lon-induced  epitaxial  crystallization 
rate  of  continuous  amorphous  layers  (triangles) 


the  samples  after  Kr  irradiation  at  a  temperature  of  438 
K  and  at  a  dose  of  3  X  10'^  Kr/cm*  (RBS  spectrum  in 
fig.  3b).  Amorphous  regions  are  not  present,  few  resid¬ 
ual  damage  clusters  (dislocation  loops)  can  be  evi¬ 
denced  within  a  good  quality  single-crystal  matrix.  This 
residual  damage  being  below  the  detection  limit  was  not 
observed  by  channeling  me.surement.s. 

The  kinetics  of  damage  accumulation  or  annealing 
under  ton  beam  irradiation  has  been  characterized  in 
some  details  as  a  function  of  the  substrate  temperature 
In  fig.  5  we  report  the  measured  value  for  the  radial  rate 
of  crystallization  or  amorphization,  k.-  as  a  function  of 
the  reciprocal  temperature  These  values  are  extracted 
fiom  fits  to  the  experimental  channeling  data  assuming 
that  the  pre-existing  amorphous-like  regions  have  an 
almost  spherical  shape  and  that  they  shrink  or  grow 
linearly  along  the  radius  with  the  irradiating  dose,  with 
a  radial  rate  independent  of  the  clusters  dimension.  The 
error  bars  in  the  experimental  points  refer  to  the  uncer¬ 
tainty  due  to  the  fits  (±10%).  The  two  regimes, 
amorphization  and  crystallization,  are  well  separated  by 
the  horizontal  line,  and  a  transition  temperature  of  420 
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K  IS  measured  at  a  dose  rate  of  1  x  lO'-  Kr/cm^  s.  This 
value  is  in  good  agreement  with  the  one  observed  dur¬ 
ing  ion-beam  induced  layer-by-layer  crystallization  [6]. 
In  the  inset  of  fig.  5  the  values  for  the  crystallization 
rate  of  damage  clusters  (circles)  and  continuous  surface 
amorphous  layers  (triangles)  irradiated  under  identical 
conditions  are  compared.  It  should  be  noted  that  the 
two  sets  of  data  correlate  to  one  another  very  well;  as 
soon  as  the  transition  temperature  is  approached  we  can 
observe  a  sudden  decrease  of  the  curve  towards  zero. 
This  behavior  is  well-known  for  ion-beam  induced  epi¬ 
taxy  and  has  been  attributed  [4,5]  to  a  balance  between 
an  athermal  amorphization  term  and  a  temperature-de¬ 
pendent  crystallization  term.  As  soon  as  the  tempera¬ 
ture  IS  lowered  the  crystallization  rate  decreases  and  the 
athermal  amorphization  regime  becomes  suddenly  im¬ 
portant  producing  the  sharp  fall  in  the  net  rate 

In  conclusion  we  have  studied  the  annealing  behav¬ 
ior  of  low-fluence  heavy-ion  damage  m  Si  under  ion-as¬ 
sisted  treatments.  Ion  beam  irradiation  of  this  damage 
can  produce  either  crystallization  or  amorphization  de¬ 
pending  on  the  substrate  temperature.  The  strong  simi¬ 
larities  between  this  behavior  and  that  observed  for 
planar  c-a  interfaces  support  the  idea  that  these  dan.age 
structures  are  composed  mainly  by  amorphous  material 
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Highly  uniform  profiles  of  B  and  P  ions  have  been  obtained  by  channeling  implantations  m  150  mm  diameter  Si(UX))  wafers, 
Large  differences  in  penetration  depth,  doping  depth  profiles  and  implantation  damage  are  observed  between  implantations  under 
channeling  and  random  conditions  for  a  wide  range  of  doses  and  ion  energies  using  Rutherford  bacKscattering  spectrometry, 
cross-sectional  transmission  electron  microscopy  and  secondary-ion  mass  spectrometry 


1.  Introduction 

Channeling  implantation  offers  several  advantages 
over  conventional  ion  implantation  (1).  When  the  ion 
beam  is  aligned  along  one  of  the  major  axes  of  a  crystal 
less  damage  is  created  and  the  penetration  depth  of  the 
ions  IS  considerably  larger  However,  applying  the  chan¬ 
neling  technique  requires  a  high  degree  of  uniformity 
which  has  prevented  the  use  jf  channeling  implantation 
in  conventional  ion  implanters  Recently  a  new  ion 
implanter,  the  Varian  220,  has  been  introduced  which 
has  the  potential  to  successfully  perform  channeling 
implantation  on  wafers  as  large  as  200  mm.  The  beam  is 
scanned  by  means  of  a  combined  electrostatic/mecha¬ 
nical  scan  system  [2].  In  the  horizontal  direction  the 
beam  is  scanned  electrostatically;  a  parallel  scan  is 
achieved  by  means  of  a  nonuniform  dipole  magnet  (3). 
The  wafer  is  mechanically  translated  vertically  [4],  The 
application  of  this  parallel  beam  scan  has  already  been 
shown  to  be  useful  for  the  formation  of  high-quality 
trench  sidewalls  for  VLSI  manufactunng  (5|. 

In  this  paper  we  present  an  overview  of  doping 
depth  profiles  obtained  by  channeling  implantations  of 
and  P'^  ions  in  150  mm  silicon  wafers  for  various 
energies  and  doses.  A  companson  is  made  between 
channeled  and  random  conditions.  Furtherm^/ie,  the 
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differences  in  damage  both  before  and  after  thermal 
annealing  are  investigated 


2.  Experimental 

Implantations  were  performed  with  a  Varian/ 
Extrion  220  medium-current  ion  implanter  at  Varian/ 
Extrion  [2].  Boron  was  implanted  in  1-2  ficm,  n-type 
Czochralski-grown  150  mm  silicon  wafers  of  (001)  sub¬ 
strate  orientation  along  channeling  and  random  direc¬ 
tions  at  energies  ranging  from  5  to  380  keV  and  doses 
from  1  X  lo'"  to  2  X  lO'"'  cm  ^  Phosphorus  implanta¬ 
tions  were  done  in  1  12  cm,  p-type  Czochralskri-grown 
silicon  wafers  at  an  energy  of  100  keV  and  doses 
between  1  X  lO'’  and  1  x  lO'^  cm  “  The  channeling 
implantations  were  done  along  [001],  while  the  random 
direction  corresponded  to  a  tilt  of  10°  off  normal  and  a 
twist  of  15°  with  respect  to  the  flat  positioned  horizon¬ 
tally. 

Rapid  thermal  annealing  (RTA)  was  done  in  an  AG 
Associates  Heatpulse  410  rapid  thermal  processor  under 
a  continuous  Ar  flow.  Conventional  anneals  were  done 
in  a  vacuum  furnace  with  a  base  pressure  <  10'^  Torr. 
Secondary-ion  mass  spectrometry  (SIMS)  analysis  was 
used  to  determine  the  boron  and  phosphorus  profiles 
The  SIMS  measurements  were  carried  out  with  a 
Cameca  IMS  3f  or  4f  infitrument.  For  P-implanted 
samples  a  14.5  keV  Cs*  primary  beam  was  used.  The  5 
and  10  keV  B  profiles  were  measured  using  a  primary 
beam  of  3.0  keV,  0.25  gA  in  an  oxygen  ambient  in 
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Fig.  1.  Doping  profile,s  measured  witli  SIMS  for  200  keV 
2x10'^  cm  '  channeling  and  random  implantations.  For  the 
channeling  implantation  profiles  are  shown  from  two  spots  on 
opposite  sides  of  a  150  mm  wafer  and  at  one  spot  in  the  center 

order  to  resolve  the  near-surface  part  of  the  profile 
( pfOi)  =  2  X  10’^  Torr).  For  higher-energy  B-im- 
planted  samples  a  primary  beam  of  6  5  keV,  0.7  pA  O/ 
was  used.  The  scanned  area  was  250  X  250  pm^  and  the 
diameter  of  the  analyzed  area  was  0  =  60  pm. 


3.  Results 

3  1  Boron  implantations  in  Si(IOO) 

Fig.  1  compares  the  doping  profiles  of  200  keV 
2  X  lO'^  cm"^  "B  tons  implanted  in  SiflOO)  under 
channeling  and  random  conditions.  The  three  channeled 
doping  profiles  shown  were  measured  at  three  different 
spots  across  a  150  mm  Si  wafer  along  a  line  parallel  to 
the  horizontal  electrostatic  scan.  One  spot  was  in  the 


depth  [nm] 

Fig  3  Boron  depth  profiles  for  80  keV  4x10'^  cm'  ’  implan¬ 
tations  under  channeling  and  random  conditions  are  com¬ 
pared 


center,  while  the  other  two  spots  were  at  opposite  sides 
of  the  wafer.  The  maximum  penetration  depth  of  the 
channeling  implantations  was  =  1.23  pm,  in  excel-- 
lent  agreeme  it  with  the  calculated  value  of  =  1.22 
pm  based  on  the  modified  Fir.sov  theory  [6].  The  maxi¬ 
mum  penetration  depth  is  defined  as  the  depth  required 
to  stop  all  but  1%  of  the  particles  [7).  The  critical  angle 
for  channeling  of  200  keV  B  ions  is  *  2°;  earlier,,  we 
have  found  that  an  angular  vanation  of  1°  has  a 
significant  influence  on  the  resulting  doping  depth  pro¬ 
file  [8].  Since  we  do  not  observe  a  difference  in  the  B 
profile  at  the  three  spots  this  means  that  well  channeled 
conditions  were  maintained  across  the  wafer.  The  uni¬ 
formity  has  also  been  checked  for  various  ion  species, 
implantation  energies  and  doses  using  sheet-resistance 
measurements  and  RBS  [9,10].  For  all  channeling  im¬ 
plants  we  found  the  peak  of  the  doping  depth  profiles 
to  be  uniform  within  ]%. 


10"t- 
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Fig.  2.  Boron  profiles  for  200  keV  implantations  at  do!)es  of  1  x  lO'"*.,  5  x  10'‘'  and  2  X  lO'^  cm  ‘  under  channeling  (a)  and  random  (b) 

conditions. 
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Fig.  2  shows  the  doping  depth  distributions  for 
several  200  keV  "B  doses  under  channeling  and  ran¬ 
dom  conditions.  The  doses  shown  are  1  x  10'^,  5  X  10''* 
and  2  X  lO'^  cm“^..  Implantation  of  1  X  10'“  cm”^  un¬ 
der  channeling  condition  results  in  a  constant  doping 
level  of  2  X  10'*  cm~^.  The  depth  doping  profiles  ob¬ 
tained  after  the  implantations  of  5  X  10'“  cm^  and  2  x 
lO'^  cm”^  are  peaked  at  0.69  gm,  close  to  the  projected 
range  /?p  =  0.59  (xm  for  implantation  under  random 
condition.  These  results  show  that  the  difference  be¬ 
tween  channeling  and  random  implantations  is  no  longer 
pronounced  above  a  dose  of  1  X  10'“  cm~^  owing  to 
dechannelmg  from  the  buildup  of  disorder  as  the  dose  is 
increased. 

In  fig.  3  the  depth  profiles  for  channeled  and  ran¬ 
dom  implants  of  80  keV  4xl0'^  cm"^  ions  are 
compared.  A  nearly  Gaussian  profile  peaked  at  0.28  jim 
results  after  a  random  implant  in  good  agreement  with 
the  projected  range  calculated  by  TRIM  [11]  of  0.26 
fim  We  observe  that  the  B  profile  has  a  tail  at  the 
substrate  side  of  the  wafer  apparently  caused  by  chan¬ 
neling  effects  in  crystalline  Si.  as  was  pointed  out  by 
Hofker  et  al.  [12].  A  flat  doping  depth  profile  results  for 
the  channeled  implantation.  The  B  concentiauon  be¬ 
yond  the  maximum  penetration  depth  falls  off  at  21(21 
decades/nm,  much  sharper  than  for  the  random  im-- 
plants  The  maximum  B  penetration  depth  of  0.74  pm  is 
in  excellent  agreement  with  the  calculated  value  of  0.77 
pm  based  on  the  modified  Firsov  theory  [6]. 

Fig  4  shows  the  doping  depth  distributions  for  chan¬ 
neled  implantations  of  B  at  energies  ranging  from  5  to 
380  keV  All  doping  profiles  were  normalized  to  a  dose 
of  1  X  10'“  cm"^.  The  actual  do.se  ranged  from  2  X  lO'^ 
to  2  X  10'“  cm“^.  The  influence  of  the  energy  on  the 
shape  of  the  resulting  depth  doping  profiles  is  clearly 
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Fig.  4  The  energy  dependence  of  B  depth  profiles  resulting 
from  channeling  implants  at  energies  of  5.  10,  20,  40.  80,  200 
and  380  keV.  All  doping  depth  profiles  were  normalized  to  a 
do.se  of  1  xlO'^cm'^.  The  decay  in  B  concentration  at  is 
23(2)  decades/pm  independent  of  energy. 
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Fig  5  Transient  diffusion  is  illustrated  for  an  implantation  of 
10  keV  IXlO"  cm“^  B*  ions  in  silicon  The  as-implanted 
profile  IS  referred  to  as  (a)  while  the  profile  after  RTA  showing 
transient  diffusion  is  referred  to  as  (b)  When  the  sample  is 
post-amorphized  with  Ge^  ions  prior  to  annealing  transient 
diffusion  IS  avoided  (c) 


illustrated.  The  profile  is  flat  for  the  highest  implanta¬ 
tion  energies  and  becomes  more  and  more  sharply 
peaked  as  the  implantation  energy  is  lowered.  However, 
the  decrease  in  B  concentration  at  the  maximum 
penetration  depth  is  nearly  constant  with  energy, 
roughly  23(2)  decades/pm. 

The  effect  of  RTA  anneals  on  the  B  profile  is  shown 
for  a  channeling  implantation  of  10  keV  1  x  lO''^  cm"‘ 
in  fig.  5.  Transient  diffusion  of  the  B  profile  tail  is 
observed  after  annealing  at  900°C'  for  10  s  To  prevent 
transient  diffusion,  samples  were  implanted  with  Si“  or 
Ge  ions  prior  to  annealing  to  form  a  0  5  pm  amorphous 
layer  [13].  The  B  profile  is  completely  incorporated  in 
the  amorphized  layer.  Annealing  at  550°C  for  5  h  in 
vacuum  followed  by  RTA  at  900°C  for  10  s  results  in 


to” : 


depth  [pm] 

Fig.  6.  Companson  of  P  depth  profiles  resulting  from  100  keV 
IxlO'-’  cm“^  implantations  under  channeling  and  random 
conditions. 
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Fig  7  Phosphorus  depth  profiles  for  implantations  at  100  keV 
of  1  X  10'\  5  X 10'’,  2  X  10'^  X  10''*  and  1  x  IC’cm  *.  Above 
5  X  lo”  cm  "  the  number  of  P  ions  incorporated  in  the  deep 
tail  saturates  and  a  strong  increase  m  P  concentration  is 
observed  around  a  depth  of  100  nm 

the  profile  labeled  (c).  Clearly,  post-amorphization 
eliminates  the  transient  diffusion  and  a  piofile  with  a 
steep  B  falloff  results. 

J.2.  Phosphorus  implantations  in  Si(lOO) 

Fig.  6  compares  random  and  channeled  implants  of 
100  keV  1  X  10'-’  cm'^  "P.  A  Gaussian  profile  peaked 
at  113  nm  results  for  the  random  implant,  in  excellent 
agreement  with  TRIM  [11]  calculations.  The  channeling 
implantation  leads  to  a  doping  profile  extending  to  0.8 
pm. 

The  dose  dependence  of  channeled  implants  of  100 
keV  ^'p  are  shown  in  fig.  7  for  doses  from  1  X  lO”  to 
1  X  10'^  cm~^.  All  profiles  show  the  deep  tail  of  well- 
channeled  ions.  The  number  of  P  ions  in  the  deep  tail 
saturates  at  a  dose  of  5  x  10' ’em'’  as  the  dechanneling 
probability  increases  with  increasing  damage  in  the 
silicon.  Above  5  x  lO”  cm'*  a  strong  increase  in  the  P 
concentration  is  observed  around  a  depth  of  190  nm, 
which  IS  more  than  1.5  times  the  projected  range  of 
Rp  =  1 15  nm  for  100  keV  P'’  ions  under  random  condi¬ 
tion. 

The  difference  in  damage  produced  by  random  and 
channeled  implantations  of  100  keV  2  X  lO'"*  cm'  ^  P’’ 
ions  has  been  studied  using  RBS  in  the  (001)  channeling 
configuration  Results  are  given  in  ref.  [15].  The  damage 
profile  of  the  landom  implant  peaks  at  a  depth  of  100 
nm,  which  is  consistent  with  a  TRIM  [11]  calculation 
for  lUO  keV  P’  into  amorphous  silicon,  while  for  the 
channeling  implant  the  damage  peaks  at  roughly  165 
nm.  The  total  damage  level  is  significantly  lower  for  the 
channeled  implant  as  shown  by  quantitatively  compar¬ 
ing  the  total  number  of  displaced  silicon  atoms  in  both 
cases.  Using  the  method  of  Chu  et  al.  [14]  the  number 


of  displaced  atoms  has  been  estimated  to  amount  to 
1.1  X  lO'^  cm'^  vs  3.4  X  in”  cm“’  for  the  channeling 
and  random  implantations,  respectively.  After  anneal¬ 
ing  in  vacuum  at  900°C  for  15  min  we  observe  in  both 
samples  a  band  of  dislocation  loops  at  a  depth  of  110 
and  160  nm  for  the  random  and  channeling  implants, 
respectively.  The  positions  of  the  bands  of  dislocation 
loops  correspond  to  the  peak  positions  of  the  damage 
distributions.  The  concentration  of  dislocation  loops  is 
considerably  lower  for  the  channeled  implant 

4.  Conclusion 

Extremely  good  uniformity  has  been  achieved  for 
channeling  implantations  in  wafers  up  to  150  mm  diam¬ 
eter.  The  combined  effects  of  wafer  orientation,  beam 
parallelism  and  beam  divergence  result  in  angle  devia¬ 
tions  smaller  than  the  critical  angles  for  the  ion  species 
considered  For  both  B''^  and  ions  we  observe  a 
significant  increase  in  the  penetration  depth.  However, 
above  a  critical  dose  the  difference  between  channeling 
and  random  implantations  is  no  longer  pronounced  due 
to  dechanneling  by  built-up  disorder.  The  critical  dr^.c 
is  1  X  lO'"*  cm'’  for  200  keV  B’’  ions  and  5  X  lO'-’ 
cm"’  for  100  keV  P’’  ions.  Flat  doping  profiles  up  to 
10”cm'’  extending  to  a  depth  of  1-1.5  pm  can  easily 
be  achieved  by  modest  energy  (100-200  keV)  channeled 
implants  of  both  B  and  P.  Comparable  profiles  can  be 
obtained  only  by  multiple  conventional  (random)  im¬ 
plantations  at  considerably  higher  energies  The  strong 
reduction  of  nuclear  interactions  for  channeled  ions 
leads  to  reduced  ion  range  straggling,  and  a  conse¬ 
quently  steep  falloff  in  the  B  concentration  on  the 
substrate  side  of  the  doping  profile.  In  addition,  chan¬ 
neled  implants  result  in  a  strong  reduction  in  both 
implant  damage  and.  the  density  of  secondary  defects 
formed  during  thermal  annealing 
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Annealing  behavior  of  dislocation  loops  near  the  projected  ion  range 
in  high-dose  As^-  and  P^-implanted  (001)  Si 
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The  annealing  behavior  of  dislocation  Icxips  near  the  projected  range  (  loops)  in  (001 )  Si  implanted  by  150  keV  As  *  and  65 
keV  P*  to  a  dose  of  5x  lO''  cm"'  has  been  studied  by  both  plane-view  and  cross-sectional  transmission  electron  microscopy  and 
Rutherford-hackscattering  spectrometry.  The  annealing  behavior  of  /?|,  kaips  in  single-  and  two-step  annealed  samples  and  in  sample 
vsith  an  oxide  capping  laver  were  found  to  be  consistent  with  the  suggestion  that  their  formation  is  related  to  the  agglomeration  of 
self-interstitials  mediated  by  the  presence  of  a  high  concentration  of  electricallv  inactive  arsenic  or  phosphorous  atoms  However,  the 
Rp  loops  were  found  to  be  more  prone  to  be  annealed  out  in  P ‘-implanted  than  in  As ‘-implanted  (001)  Si 


1.  Introduction 

Recent  development.s  in  the  down.scaling  of  micro¬ 
electronic'  device.s  have  resulted  in  the  adoption  of  ton 
implantation  as  the  doping  technique  for  the  high-dose 
sections  of  devices  in  addition  to  its  established  u.se  for 
the  implants  in  low-dose  .sections  [1)  In  high-dose  im¬ 
plantation.  the  concentrations  of  dopant  may  exceed  its 
equilibrium  ,sohd-solubility  limit.  Previous  studies  have 
suggested  that  the  retarded  amorphous/crystallme(a/c) 
regrowth  rate,  poor-quality  epitaxial  growth  and  con¬ 
centration-dependent  precipitation  effects  may  wi  II  be 
related  to  sohd-solubility  limits  for  the  implanted  im¬ 
purity  in  silicon  [2.3] 

Arsenic  and  pho.sphorous  have  been  used  as  the 
main  n-type  dopants  in  silicon  devices  Owing  to  the 
difference  in  solubility,  diffusivity  and  atomic  si/.e  be¬ 
tween  As  and  P  atom.s,  the  annealing  behaviors  of  As^- 
and  P’‘-implanted  silicon  are  expected  to  be  different 
Di.screte  layers  of  defect  clusters  were  observed  to  form 
at  a  depth  matching  the  projected  range  ( Rp)  of  As  and 
the  original  a/c  interface  in  high-dose  A'*  and  P^ 
implantation  and  annealed  samples  [4,5]  Recently,,  the 
formation  of  a  two-layer  structure  and  the  inhibition  of 
the  formation  of  loops  were  observed  in  80  keV,. 
1  X  lO''’  and  2  x  lO'Vcm’  As  ^-implanted  (001)  Si, 
respectively  [6],  The  results  indicated  that  the  formation 
of  loops  is  likely  to  be  due  to  the  agglomeration  of 
.self-interstitials  mediated  by  the  presence  of  a  high 
concentration  of  electncally  inactive  As  in  the  local 
region  As  the  concentration  of  arsenic  exceeds  a  critical 
value,  loops  were  inhibited  to  form.  In  view  cf  the  new 
insight  gained  on  the  point-defect  migration  and  ag¬ 
glomeration,  a  detailed  study  of  the  annealing  behavior 
of  the  /?p  loops  has  been  carried  out  In  this  paper,,  we 


report  the  results  of  a  study  of  the  formation  and 
gn  wth  of  the  Rp  loops  in  high-dose  As*-  and  P‘-im- 
pianted  silicon  by  both  plane-view  and  cross-.sectional 
transmission  electron  inicro.scopy  (XTEM)  and  by 
Rutherford-backscattenng  spectrometry 


2.  Experimental  procedures 

Single-crystal,.  3-5  fiem,  pho.sphorous-doped  (001) 
Si  wafers  were  implanted  with  65  keV  P*  and  150  keV 
As*  to  a  dose  of  5  X  lO'**  cm  at  room  temperature. 
Almost  all  samples  were  annealed  isothermally  in  a 
dry-nitrogen  flowing  diffusion  furnace  at  temperatures 
ranging  from  500  to  1000 °C  In  order  to  find  out  the 
interre'aiionship  between  the  growth  of  residual  defects 
a  d  the  diffusion  of  dopants,  some  samples  were  first 
annealed  at  900  °C  followed  by  a  500  °C  annealing 
The  annealing  time  was  0.5  h  at  each  temperature 
unless  specified  olherwi.se.  High-punty  nitrogen  gas  was 
first  passed  through  a  titanium  getter  tube,  maintained 
at  800  °C,  to  reduce  the  O,  content  To  find  out  whether 
the  outdiffusion  of  As  will  significantly  influence  the 
evolution  of  microstructures,  a  130  nm  thick  protective 
oxide  layer  was  deposited  on  some  of  the  implanted 
.samples  by  electron  beam  evaporation  to  prevent  out¬ 
diffusion  of  As  during  annealing.  For  short-time  anneal¬ 
ing.  rapid  thermal  annealing  with  a  graphite  heater  in 
Ar  ambient  was  al.so  performed.  For  a  typical  thermal 
cycle,  a  ramp-up  time  of  about  10  s  and  a  cooling  rate 
ul  about  100-200°C/s  were  used.  The  temperature  of 
the  samples  during  annealing  was  constantly  measured 
by  a  thermocouple  attached  to  the  samples.  A  JEOL- 
2(X}CX  scanning  transmission  electron  microscope  oper¬ 
ating  at  200  kV  was  u.sed  for  TEM  examinations. 
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Rutherford-backscattering  spectrometry  with  2  MeV 
He^  ions  was  used  to  measure  the  depth  profile  of  As. 
The  backscattered  ions  were  collected  at  a  scattering 
angle  of  160°  from  the  incident  beam  direction. 


3.  Results  and  discussion 

.11  As  ^-implanted  (001)  Si 

Amorphization  of  the  surface  layer  to  a  depth  of 
about  200  nm  was  found  in  as-implanted  .samples  Solid 
pha.se  epitaxial  growth  (SPEG)  was  completed  after 
annealing  at  470  °C  for  4  h  and  was  near  completion 
after  annealing  at  500  °C  for  2  h.  An  example  is  shown 
in  fig,  1  The  regrowth  layer  was  observed  to  be  es.sen-- 
tially  defect-free. 

The  SPE  regrowth  of  the  amorphous  layer  was  found 
to  be  complete  after  550  °C  annealing  for  15  min.  No 
Rp  loops  were  evident.  However,  the  loops  were 
observed  in  samples  annealed  at  550  °C  for  20  min.  The 
densitv  and  the  average  size  of  the  loops  were  found 


< 

'  • 

USSSI 

Fig  1  Weak-beam  dark-field  (WBDF)  image  of  cross-sectional 
(cs)  view  of  an  As '^-iniplanted  .sample  annealed  at  500  °C  for 
2  h. 


to  decrease  and  increase  with  annealing  temperature, 
respectively,  in  500-900  °C  annealed  samples.  The  R^, 
loops  were  found  to  form  in  samples  annealed  at  800  °C 
for  a  time  as  short  at.  1  s.  Examples  are  shown  in  figs. 
2a -e  The  dislocation  loops  were  analyzed  to  be  intersti¬ 
tial  in  nature  with  1(111)  or  1(110)  Burgers  vectors 
The  Rp  loops  appeared  to  be  rather  stable  in  samples 
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Fig  3.  WBDF  image  of  an  As*-implanted  sample  annealed  at  Fig.  5.  WBDF  image  of  an  as-P “^-implanted  sample. 

1000°C  for  0  5  h,  cross-sectional  view. 


annealed  at  700  and  800  °  C  since  they  were  still  present 
after  annealing  for  4  and  8  h,  respectively.  The  Rj, 
loops  were  still  present  in  samples  annealed  at  900  °C 
for  1  h. 

The  two-band  structure  of  defects  was  no  longer 
evident  in  the  lOOO^C  annealed  samples  as  seen  in  fig. 
3.  A  low  density  of  di.slocations  was  observed  to  be 
distributed  from  the  surface  to  a  depth  of  about  400  nm 
from  the  surface.  The  di.s'ocations  were  identified  to  be 
of  mixed  type  with  Burgers  vectors. 

In  samples  annealed  first  at  900 °C  followed  by 
annealing  at  500  °C  for  2  h,  the  density  and  the  average 
size  of  the  loops  w'ere  found  to  be  lower  and  larger,, 
respective!)  .,  than  those  in  900  “C  annealed  samples  (see 
fig.  4)  The  microstructures  were  found  to  be  not  signifi¬ 
cantly  different  between  samples  with  and  without  a 
protective  oxide  layer  and  annealed  at  800  or  900* C. 
The  ob.servation  indicated  tha'  outdiffusion  of  As  dur¬ 
ing  the  annealings  a*  800-900  °C  did  not  induce  signifi¬ 
cant  change  in  the  microstructures. 

.1 .?  -implanted  (001)  Si 

A  140  nm  thick  implantation  amorphous  layer  was 
found  m  as-implanted  samples  as  shown  in  fig.  5.  The 
a/c  interface  w'as  observed  to  be  rather  flat  with  undu¬ 
lation  about  5  nm  in  amplitude.  Two  discrete  layers  of 
defects,  one  near  the  R^  and  the  other  around  the 
original  a/c  interface,  were  found  in  the  600-800  °C 


Fig.  4.  WBDF  image  of  a  sample  annealed  at  900  °C  for  0  5  h 
followed  by  annealing  at  500  °  C  for  2  h. 


annealed  samples.  The  Burgers  vectors  of  the  loops  were 
identified  to  be  either  ^110)  or  4(111)  with  the  per¬ 
fect  loops  being  predominant.  The  average  size  and  the 
density  of  the  dislocation  loops  near  R^  were  found  to 
increase  and  decrease  with  annealing  temperature,  re¬ 
spectively.  In  .samples  annealed  at  900  °C..  no  Rj,  loops 
were  observed.  The  disloca'ion  loops  around  the  R^ 
were  analyzed  to  be  interstitial  in  nature.  The  R^  loops 
in  P*^-implanted  samples  were  similar  to  those  in  150 
keV  As  ■^-implanted  samples.  However.,  the  R^  loops  in 
As  "^-implanted  samples  were  pre.served  at  900  °C  as 
shown  in  the  previous  .section  After  1000  °C  annealing, 
neither  the  R^,  loops  nor  the  defects  around  original 
a/c  interface  were  ob.served.  However,,  dislocations,  rel¬ 
atively  large  in  size  and  very  low  in  density,  were  found 
to  be  distributed  to  a  depth  of  about  340  nm  from  the 
surface.  Examples  are  shown  in  fig.  6 

The  occurrence  of  R^,  loops  in  high-dose  As^-im- 
planted  silicon  annealed  at  600 °C  was  previously  found 
[4,6].  In  the  present  study,  the  ab.sence  of  ob.servable  R  p 
loops  in  samples  annealed  at  500  °C  for  2  h  and  at 
550  *C  for  15  min  is  likely  due  to  the  low  diffusivity  of 
As  and/or  Si  self-interstitials  at  these  temperatures.  In 
samples  annealed  at  550-900 *€,.  the  density  and  the 
size  of  fJp  loops  were  found  to  decrease  and  increase 
with  annealing  temperature,  respectively.  The  Rp  loops 
were  also  observed  in  samples  annealed  at  5(X)  *  C  for  20 
min  and  at  800  °C  for  a  time  as  short  as  1  s.  The 
annealing  behaviors  of  Rp  loops  were  found  to  be 
consistent  with  the  suggestion  that  the  formation  of  the 
Rp  loops  IS  due  to  the  agglomeration  of  self-interstitials 
mediated  by  the  presence  of  a  high  concentration  of 
electrically  inactive  As  [7]. 

The  annealing  behavior  oi  Rp  loops  in  900-500 °C 
two-step  annealed  samples  and  in  samples  with  an 
oxide  capping  layer  seemed  to  render  further  support  to 
the  suggestion  that  As  diffusion  is  not  the  dominant 
factor  in  influencing  the  growth  of  dislocation  loops 
near  /?p  at  500  *C.  In  samples  first  annealed  at  900  °C 
followed  by  a  further  annealing  at  500  *  C  for  2  h,  RBS 
data  showed  that  the  As  profile  remained  the  same  as 
that  of  the  900  °C  annealed  samples.  However,  the 
average  size  and  the  number  density  o(  Rp  loops  were 
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considerably  larger  and  lower,  respectively,  than  those 
in  single-step  annealed  .samples.  It  is  known  that  little 
diffusion  of  both  Si  and  dopants  occurred  during  solid- 
phase  epitaxial  growth  of  Si  at  500  °  C.  The  coarsening 
of  defects  in  900-500  °C  two-step  annealed  samples  is 
attributed  to  the  enhanced  diffusion  owing  to  the  pres¬ 
ence  of  defects  formed  at  900  "C  during  a  further 
500  °C  annealing.  A  previous  study  indicated  that  the 
diffusion  rate  of  Si  .self-interstitials  is  generally  higher 
than  that  of  As  interstitials  in  silicon  [8]. 

In  As  ^-implanted  (001)  samples,  the  loops  were 
found  after  annealing  at  a  temperature  as  high  as  900  “  C. 
However.,  in  P  ^-implanted  samples,  the  R^  loops  were 
observed  only  in  samples  annealed  at  a  temperature  up 
to  800  °  C  for  (001 )  samples  and  700  ®  C  for  (01 1 )  Si.  As 
discussed  by  Pennycook  and  Culbertson,  the  group  V 
dopants  serve  to  trap  interstitials.  The  interstitials  are 
released  during  solid-phase  epitaxial  regrowth  to  form  a 
band  of  extended  defects  [7]  It  is  conjectured  that  a 
higher  concentration  of  vacancies  was  emitted  during 
dissolution  of  clusters  for  P^  implantation  owing  to  the 
relativeh  small  size  of  P  compared  to  the  As  atoms. 


4.  Summary  and  conclusions 

Both  plane-view  and  cross-section.il  TEM  as  well  as 
RBS  spectrometry  have  been  applied  to  study  the  an¬ 
nealing  behavior  of  R^  loops  in  post-implantation  an-- 
nealed  (001)  Si  irradiated  by  150  keV  As^  and  65  keV 
P^  to  a  dose  of  5  X  10'^  cm^‘.  Factors  influencing  the 
formation  and  growth  of  the  Rp  loops,  such  as  anneal¬ 
ing  temperature  and  time,  single-  and  two-step  anneal¬ 
ings  as  well  as  substrate  orientation,  have  been  investi¬ 
gated. 

For  As^-implanted  samples  annealed  at  550-900° C 
and  P^-implanted  samples  annealed  at  600-800°  C..  the 
average  size  and  density  of  defect  clusters  were  found  to 
increase  and  decrease  with  annealing  temperature,,  re¬ 
spectively.  The  Rp  loops  were  annealed  out  following 
1000  and  900°C  annealing  for  As'-  and  P '-implanted 
.samples,  respectively.  The  annealing  behaviors  of  /?p 
loops  in  As'-  and  P'-implanted  samples  are  consistent 
with  the  suggestion  that  they  are  induced  by  the  ag¬ 
glomeration  of  self-mterstitials  mediated  by  the  pres¬ 
ence  of  a  high  concentration  of  electrically  inactive  As. 


Fig.  6  WBDF  images  .if  P '-implanted  sample.s  annealed  at  (a)  600°C.  (b)  700  °C,  (c)  800  °C,  (d)  900  °C  and  (e)  1000°C  for  0  5  h, 

cross-.sectional  view 
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Activation  of  shallow  implants  in  Si  by  pulse  laser  irradiation 

W.  Wesch,  T.;  Bachmaiin,  G.,  Gotz,  F.  Hagemann  and  A.  Heft 

Fnednch-Schiller-Universildl  Jena,  Instuut  fur  Festkorperphysik,  Max-Wien-Plat:  l,  D(0)-6900  Jena.  Germany 


The  use  of  a  KrF  excimer  and  a  Nd-glass  laser  for  the  annealing  of  shallow  implanted  Si  layers  is  studied.  Due  to  the  different 
absorption  lengths  of  the  two  lasers,  optimum  electrical  parameters  are  obtained  in  different  regions  of  the  laser  energy  density  (in 
the  ca.se  of  100  nm  thick  amorphous  layers  at  -1-2  i/cm?  for  the  UV  laser,  at  £l  =  2  8  J/cm^  for  the  IR  laser)  It  is  shown  that 
SiO;  structural  edges  are  not  influenced  by  the  laser  beam  up  to  an  energy  density  of  about  4.5  J/cm*  At  low  energy  densities  the 
maximum  melting  depth  is  in  good  accordance  with  values  determined  by  means  of  heat-flow  calculations  The  deviations  at  higher 
energy  densities  are  discussed.  At  the  laser  energy  densities  ~  2  J/cm'  (UV  laser)  and  3  J/cm'  (IR  laser)  the  surface  temperature 
IS  sufficiently  below  the  vaporization  temperature  of  silicon. 


I.  Introduction 

The  development  of  microelectronic  devices  with 
increasingly  higher  packing  densities  and  faster  switch¬ 
ing  speeds  is  connected  with  decreasing  lateral  and 
vertical  dimensions  of  the  device  structures.  Especially 
the  depth  of  pn  junctions  in  a  submicron  device  tech¬ 
nology  reduces  to  values  remarkably  below  200  nm.  To 
produce  such  structures  a  special  low-energy  ion  im¬ 
plantation  equipment  as  well  as  unconventional  anneal¬ 
ing  techniques  are  necessary.  A  peculiarity  of  low-en¬ 
ergy  implantation  of  light  ions,  as  for  instance  boron  as 
a  technologically  important  p-dopant  in  Si,  is  to  pro¬ 
duce  an  amorphous  layer  before  the  dopant  implanta¬ 
tion  to  suppress  channeling  pronounced  at  low  energies. 
To  recrystallize  the  amorphous  layers,  rapid  thermal 
annealing  (RTA)  using  optical  furnaces  or  graphite 
heaters  [1,2]  is  widely  used  However,  solid-phase  epi¬ 
taxial  processes  are  always  connected  with  the  occur¬ 
rence  of  a  defect  band  remaining  in  the  region  of  the 
amorphous-crystalline  interface.  Therefore,  the  implan¬ 
tation  conditions  have  to  be  chosen  so  that  this  defect 
band  lies  fai  behind  the  pn  junction  or  before  the  end 
of  range  of  the  dopant  atoms.  But  in  the  tatter  case 
channeling  effects  in  the  tail  of  the  range  of  implanted 
atoms  may  shift  the  pn  junction  to  larger  depths.  This 
problem  can  be  overcome  if  the  layers  are  annealed  by 
liquid-phase  epitaxy  using  nanosecond  laser  pulses.  In 
this  case  the  laser  density  must  be  chosen  so  that  the 
melt  front  penetrates  the  amorphous-crystalline  inter¬ 
face  and  the  defective  region  behind  the  interface  to 
anneal  the  point  defects  located  there  For  this  process 
principally  lasers  can  be  used  which  emit  light  from  the 
ultraviolet  up  to  the  near-infrared  wavelength  region. 
Whereas  infrared  lasers  have  the  advantage  of  selective 
melting  of  amorphous  and  heavily  damaged  areas,  visi¬ 


ble  and  ultraviolet  lasers  because  of  their  .short  wave¬ 
length  and  the  improved  energy  deposition  should  be 
favoured  for  producing  extremely  shallow  pn  junctions 
[3.4].  In  order  to  test  the  applicability  of  selectively  and 
unselectively  acting  lasers  for  the  annealing  of  shallow 
implants  in  Si.  we  have  made  a  comparative  study  using 
a  KrF  excimer  and  a  Nd-glass  laser. 

2.  Methods 

Sb^  ions  (energies  between  11  and  65  keV,  ion 
fluence  of  1  X  lO'^  to  5  X  lO'^  cm'”)  and  ions 
(energies  of  7  and  11  keV,.  ion  fluence  of  1.2  XlO'^ 
cm  '  “ )  were  implanted  at  room  temperature  into  p-  and 
n-type  (100)  silicon,  respectively.  To  prevent  channel¬ 
ing  effects,  in  the  case  of  boron  implantation  the  sam¬ 
ples  were  preamorphized  by  implanting  1  x  10'-' 
Ge’'/cm^  with  30,  60  or  90  keV,  by  which  60,  100  or 
130  nm  thick  amorphous  layers  were  generated.  In  the 
case  of  Sb-implantation,  amorphous  layers  with  thick-- 
nesses  between  25  and  88  nm  were  produced.  The 
implanted  samples  were  annealed  with  40  ns  pulses 
from  a  homogenized  Nd-glass  laser  (A  =  1064  nm,  en¬ 
ergy  density  in  the  region  from  0  5  to  5  0  J/cm^;  the 
homogeneization  system  is  described  in  ref  [5])  and 
with  35  ns  pulses  from  a  KrF  excimer  laser  ( A  =  248 
nm,  energy  density  in  the  region  from  0.2  to  1.7  J/cm* 

[4]). 

The  recrystallization  of  the  implanted  layers  was 
investigated  by  means  of  the  RBS/channeling  tech-, 
nique  using  1.4  MeV  He^  ions.  A  glancing-angle  geom¬ 
etry  (backscattering  angle  ^=100°)  was  used  to  im¬ 
prove  the  depth  resolution  [6].  From  the  redistribution 
of  the  Sb  atoms  during  the  melt  the  melting  depth  was 
estimated,  and  the  percentage  of  substitutionally  incor- 
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porated  atoms  was  determined  from  the  relat'on  be¬ 
tween  random  and  aligned  yield  of  the  Sb  disiiibution 
[6],  Depth  distributions  of  boron  atoms  were  deter¬ 
mined  by  means  of  SIMS  analysis  using  CAMECA 
equipment.  The  measured  dopant  distributions  are  com¬ 
pared  with  those  calculated  by  means  of  the  TRIM 
Monte  Carlo  code  [7],  Furthermore,  calculations  of  the 
melting  behaviour  were  carried  out  using  the  computer 
programme  HEAT  248  [8]. 

By  combined  Hall-effect  and  sheet-resistivity  mea¬ 
surements  in  van  der  Pauw  geometry,  sheet  resistivity  as 
well  as  effective  values  of  carrier  concentration  and 
mobility  were  determined. 


3.  Results  and  discussion 

The  difference  in  the  absorption  length  of  the  light 
emitted  from  the  two  lasers  used  (  \  =  1064  nm;  a”'  =  1 
|im  for  amorphous  Si,.  \  =  248  nm:  a"'  =5  nm  for 
crystalline  and  amorphous  Si)  is  connected  with  dif¬ 
ferences  in  energy  deposition.  To  melt  a  given  layer 
thickness,  the  laser  energy  density  to  be  used  should  be 
remarkably  higher  for  infrared  radiation  compared  to 
ultraviolet  light.  To  study  the  melting  behaviour  of  100 
nm  thick  amorphous  Si  layers  induced  by  the  two  lasers, 
in  a  first  step  heat-flow  calculations  were  carried  out. 
Fig.  1  shows  the  melting  depth  s  as  well  as  the  tempera¬ 


ture  near  the  surface,  as  a  function  of  time..  Due  to 
the  different  absorption  lengths  the  time  difference  be¬ 
tween  beginning  of  the  laser  pulse  and  melting  is  differ¬ 
ent  for  the  two  wavelengths  (figs,  la,  c).  For  sufficiently 
high  laser  energy  densities  the  melt  front  penetrates  the 
amorphous-crystalline  interface  and  reaches  a  maxi¬ 
mum  value  after  a  certain  time  which  depends  on 
the  wavelength  and  the  energy  density  (shown  in  figs, 
la,  c).  It  IS  obvious,  that  for  the  wavelength  X  =  248  nm 
an  energy  density  of  1.2  J  cm" ^  is  sufficient  to  melt  a 
layer  of  200  nm  which  is  twice  the  thickness  of  the 
amorphous  layer  (fig.  la).  On  the  other  hand,  for  the 
melt  of  a  150  nm  thick  layer  with  the  infrared  laser  a 
laser  energy  density  of  1.6  J  cm"^  is  necessary  (fig.  Ic). 
Just  as  the  position  of  the  melt  front,,  the  surface 
temperature  also  increases  with  time  up  to  a  maximum 
value  (fig.  lb,  d).  A  comparison  of  the  surface  tempera¬ 
tures  obtained  with  the  two  lasers  shows,  that  the  same 
maximum  value  of  =  2700  K  is  reached  with  = 
2.0  J  cm'  ^  of  the  UV-laser  and  with  £l  =  3.0  J  cm"^  of 
the  IR-laser.  It  is  worth  to  note  that  at  £l  =  3.0  J  cm"^ 
the  maximum  surface  temperature  is  still  sufficiently 
below  the  vaporization  temperature  of  silicon  (£„  =  2903 
K). 

The  calculated  maximum  melting  depths  are 
depicted  in  fig.  2  as  a  function  of  the  laser  energy 
den,sity  Ef_.  After  the  melt  front  has  penetrated  the 
amorphous-crystalline  interface,  increases  linear 


Fig.  1.  Calculated  melting  depth  r  (a,  c)  and  surface  temperature  (b,  d)  for  annealing  of  100  nm  thick  amorphous  Si  layers  with 
a  KrF  excimer  laser  (a,  b)  and  a  Nd-glass  laser  (c,  d)  as  a  function  of  time. 


(V  tVesc/t  et  al  /  AclwaUon  of  shallow  implants  in  Si 


627 


Fig  2  Calculated  (curves)  and  measured  (points)  values  of  the 
maximum  melting  depth  for  100  nm  thick  amorphous  Si 
la_  ;rs  as  a  function  of  the  laser  energy  density 

with  the  laser  energy  density.  To  melt  a  fixed  layer 
thickness,  with  the  infrared  laser  a  1.5  times  higher  laser 
energy  density  is  necessary  than  in  the  case  of  the 
ultraviolet  laser 

The  investigation  of  the  recrystallization  by  means  of 
the  channeling- RBS  technique  shows,  that  100  nm  thick 
amorphous  layers  are  completely  recrystallized  (i.e.,  the 


Fig.  4.  (a)  Sheet  resistivity  p,.  (b)  effective  earner  concentration 
^s.cff  "’ll!  effective  sheet  mobility  for  KrF  excimer 
(open  circles)  and  Nd-glass  (Jots)  la.ser-annealed  Si  .c  jrs  as  a 
function  of  the  laser  energy  density 
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Fig.  3  SIMS  profiles  of  the  boron  distribution  after  7  keV  B*  implantation  into  Ge ‘‘-preamorphized  Si  and  laser  annealing  with  (a) 

a  KrF  and  (b)  a  Nd-glass  laser.. 
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melt  front  has  penetrated  the  amorphous-crystalline 
interface)  at  the  laser  energy  densities  £l  ==  780  mJ/cm^ 
in  the  case  of  UV-laser  annealing  [4],  and  at  =  1.2 
J/cm^  for  IR-laser  annealing.  In  fig.  2  experimental 
im.„-values  determined  from  RBS  spectra  (redistribu¬ 
tion  of  Sh  atoms)  or  from  SIMS  profiles  are  included. 
At  low  energy  densities  the  theoretical  and  experimental 
values  are  in  fairly  good  agreement.  However,  for  higher 
energy  densities,  if  part  of  the  crystalline  substrate  is 
molten,  remarkable  deviations  occur.  These  deviations 
may  result  from  different  reasons.  First,  because  of  the 
detection  limit  of  the  RBS  techmque  (=  lO”  at./cm^), 
the  determination  of  the  maximum  melting  depth  from 
t'lV  redistribution  of  heavy  atoms  may  lead  to  an  under¬ 
estimation  of  Second,  for  laser  energy  densities  in 
the  order  of  £l  ^  3  J/cm^  the  diffusion  length  of  boron 
is  remarkably  lower  than  the  thickness  of  the  amorphous 
layer  (with  the  diffusion  coefficient  D^  =  2.4  X  10”“* 
cm"/s'  and  a  melting  time  of  =  100  ns  the  diffusion 
length  IS  L  =  50  nm).  so  that  the  determination  of 


from  the  boron  profiles  determined  by  SIMS  is  doubtful 
at  high  laser  energy  densities.  And  last,  but  not  least, 
the  uncertainty  of  some  parameters  used  for  the  calcula¬ 
tion  may  lead  to  a  systematic  error  of  the  calculated 
curves.  For  example,  the  assumption  of  a  higher  reflec¬ 
tivity  and  specific  heat  of  the  liquid  silicon  would  cause 
a  lower  energy  deposition  and  a  decrease  of  and 
7i.urf  at  the  same  energy  density. 

The  boron  profiles  determined  by  means  of  SIMS 
are  illustrated  in  fig.  3.  It  can  be  seen  that  for  7  keV  B'“' 
implantation  the  preamorphization  by  60  keV  06““^  ions 
gives  good  results  (no  pronounced  tail  in  boron  distn- 
bution,  fig.  3a  [4]).  Laser  annealing  with  both  wave¬ 
lengths  leads  to  a  broadening  of  the  boron  distribution 
with  an  abrupt  decrease  of  the  boron  concentration 
within  the  region  of  maximum  melting  depth. 

The  recrystallization  of  the  implanted  layers  is  con¬ 
nected  with  the  substitutional  incorporation  of  the 
dopants  (for  X  =  248  nm  a  substitutional  Sb  fraction  of 
9')%  was  determined  at  “  780  mj /cm^  [4])  leading 


Fig.  5  Optical  micrographs  of  Si02  stnictuml  edges  after  irradiation  with  pulses  from  a  Nd-glass  laser  (laser  energy  densities  (a) 

£l  =  3  1 1  J/cm^,,  (b)  4  24  J/cm^  and  (c)  4  95  J/cm^ ) 
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to  a  steep  descent  of  the  sheet  resistivity  (see  fig  4a). 
For  the  KrF  laser  irradiation  a  constant  value  p^  =  1 30 
U/O  IS  reached  at  =  *^00  mJ/cm^  for  the  Nd-glass 
la.ser-irradiated  samples  p^  =  120  2/0  is  obtained  at 
£i  =  2.6  J/cm'.  indicating  .i  good  electrical  activation 
of  the  layers.  According  to  that,  in  the  same  region  of 
the  energy  density  the  sheet  carrier  concentration  re¬ 
aches  Its  maximum  value  Kcft~  1-2  ^  10'*  cm“^  (see 
fig  4b).  A  comparison  with  the  effective  earner  mobil¬ 
ity.  however,,  shows  that  to  obtain  maximum  mobility,, 
higher  energy  densities  are  necessary;  for  the  KrF  laser 
about  1.2  J/cm‘,-  for  the  Nd-glass  laser  about  2.8-3.0 
J/cnr  (fig  4c)  This  means  that  layers  at  least  twice  as 
thick  as  the  amorphous  layer  have  to  be  molten  to 
obtain  optimum  electrical  parameters. 

A  key  problem  of  laser  annealing  via  the  liquid 
phase,  especially  at  higher  energy  densities,  is  the  in- 
tluence  on  structural  edges.  Therefore,  we  have  investi¬ 
gated  the  influence  of  Nd-glass  laser  irradiation  on  S1O2 
structures.  Fig.  5  shows  optical  micrographs  of  SiO; 
edges  irradiated  with  3.11,  4.24  and  4.95  J/cm“,  respec¬ 
tively.  Whereas  at  3.11  and  4.24  J/cm^  no  modification 
of  the  edges  can  be  observed,  at  4  95  J /cm’  the  window 
of  the  laser  energy  density  is  exceeded  Similar  results 
are  obtained  at  microstructures  From  these  results  it 
can  be  concluded  that  Nd-glass  laser  energy  densities 
up  to  about  4.5  J/cm’  do  not  influence  SiOi  structures 
on  implanted  Si  layers 


4.  Summary 

Shallow  dopant  profiles  in  the  order  of  100-200  nm 
can  be  produced  by  lun  imp'antation  and  laser  anneal¬ 
ing  of  amorphous  Si  layers.  The  u.se  of  ns  laser  pulses 
gives  the  possibility  to  melt  a  thin  surface  layer  and  to 
activate  the  implanted  ions  in  this  region.  Whereas  by  a 
Nd-glass  laser  an  energy  density  of  2.8-3  0  J/cm’  yields 
maximum  carrier  concentration  and  carrier  mobility,  by 


using  an  excimer  laser  the  same  results  are  already 
achieved  for  1  2  J/cm^  By  these  laser  energy  densities 
layers  twice  the  thickness  of  the  amorphous  layers  were 
molten.  The  investigation  of  structural  edges  indicates 
that  laser  energy  densities  up  to  about  4.5  J/cm^  can  be 
used.  Therefore,  also  with  the  Nd-glass  laser  the  forma¬ 
tion  of  pn  junctions  with  depths  below  200  nm  should 
be  possible.  The  theoretieal  simulation  of  the  melting 
process  gives  a  fairly  good  agreement  with  experimental 
values  for  low  energy  densities,  whereas  for  high  laser 
energy  densities  J/cm^)  remarkable  dif¬ 

ferences  exist.  Explanations  for  these  deviations  are  the 
detection  limit  of  the  analysing  method  (RBS,  dif¬ 
ferences  between  molten  depth  and  concentration  pro 
file  of  dopants  due  to  short  diffusion  length)  and  the 
uncertainty  of  the  optical  and  thermodynamical  param¬ 
eters  of  liquid  silicon 
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Centers  of  spin-dependent  recombination  in  structures  formed  by  N 
ion  implantation  into  Si 

A.A.  Karanovich.  A.V.;  Dvurechenskii,  I.E.  Tyschenko  and  G.A.  Kachurin 

Institute  of  Semtconductor  Physics,  Nouosihtrsk  90,  USSR 


Spin-dependent  recombination  (SDR)  measurements  have  been  made  on  (100)  and  (111)  n-  or  p-type  silicon  wafers  implanted 
w.ih  135  keV  N  ions  in  the  dose  range  D  -5x  lO'^-lO'* cm'^  at  an  implantation  temperature  in  the  range  of  T,  "  700-10(X)°C 
or  at  room  temperature  with  subsequent  annealing  at  =  500-1200°C  for  two  hours  For  T,  >  800  °C  and  D  >  5  xlO'*'  cm  '^  an 
intensive  anisotropic  spectrum  was  observed.  Its  g-tensor  parameters  (g||  =  2.0010 ±0.0(X)5;  g ^  =  2  0080  +  0.0005 ;  g||  II  (HI)) 
coincide  with  those  of  P^o  Pt  Phn  spectra  -  the  signal  at  the  boundary  between  silicon  and  buried  precipitates  of  crystalline  SiiN^ 
For  T,  <  750'’C  or  D  <  10’*’cm“^,  as  well  as  for  room-temperature  implanted  and  1200°C  annealed  samples,  only  a  single  isotropic 
line  was  observed  This  signal  was  found  to  consist  of  two  lines,  which  are  characterized  by  different  relaxation  times  These  two 
components  of  the  isotropic  signal  are  supposed  to  correspond  to  Si  dangling  bonds  at  dislocations  and  at  the  Si/amorphous  SiN, 
interlace  It  was  concluded  that  the  formation  and  growth  of  crystalline  Si,N,  precipitates  are  stimulated  by  ion  irradiation 


Among  SOI  technologies  the  formation  of  buned 
insulating  lasers  by  or  ion  implantation  is  the 
favored  technique  In  order  to  obtain  good  SOI  struc¬ 
tures,  the  dependence  of  their  properties  on  the  produc¬ 
tion  regime  should  be  known.  Defects  in  SOI  structures 
with  buned  Si,N4  layers  were  investigated  by  electron 
paramagnetic  resonance  (EPR)  in  ref.  [2]  An  isotropic 
signal  was  observed  (g  =  2.0039  +  0.0002),  which  is  be¬ 
lieved  to  arise  from  the  silicon  dangling  bonds  in  buried 
amorphous  nitride  layers. 

In  the  present  work  a  method  of  spin-dependent 
recombination  (SDR)  of  excess  carriers  [3-5)  was  used 
to  study  the  defect  structure  in  silicon  implanted  with 
ions.  The  SDR  technique  has  a  number  of  ad¬ 
vantages  compared  to  the  EPR  measurements.  Firstly,, 
the  sensitivity  of  SDR  signal  detection  is  independent 
of  the  number  of  centers  as  long  as  they  dominate  the 
recombination  process.  This  makes  it  possible  to  carry 
out  SDR  investigations  of  effects  in  thin  silicon  films 
(for  example,  in  SOI  structures)  where  EPR  measure¬ 
ments  are  hard  to  perform  because  of  the  sensitivity 
limitation.  The  second  advantage  is  concerned  with  the 
selectivity  of  this  method:  the  SDR  signal  of  defects  in 
SOI  structures  is  observed  only  in  the  silicon  layer, 
while  in  EPR  the  defects  localized  in  the  insulator  or  in 
the  substrate  are  observed  as  well 

Structures  formed  by  ion  implantation  (£=135 
eV,.  do.se  D  =  5  X  lO'^-lO"*  cm"^)  into  substrates  of  n- 
or  p-type  {111}  or  {100}  silicon  were  investigated.  The 
irradiation  was  carried  out  in  two  ways:  (i)  implantation 
into  a  hot  target  (T,  =  500-1000° C)  and  (ii)  room 


temperature  irradiation  followed  by  annealing  at  = 
500-1200° C  for  two  hours  The  implanted  layers  are 
characterized  by  n-type  conductivity  (apparently  due  to 
the  nitrogen  atoms  [1]).  therefore  p-n-junciions  were 
formed  when  p-type  silicon  substrates  were  used  For 
control  measurements  n-Si  implanted  with  (£  =  60 
keV,  D  =  lO'^  cm'  T,  =  20°C  plus  annealing  at  T,  = 
900 °C  for  two  hours)  and  p-type  Si  irradiated  by  P^ 
(£  =  100  keV,,  D  =  lO''’  cm"’,.  7}  =  900 °C)  were  used 

The  photoconductivity  of  the  implanted  layers,  volt¬ 
age  or  photovoltage  on  p-n-junctions  (formed  by 
implantation  into  p-type  wafers)  were  measured  to  re¬ 
cord  SDR  spectra  in  the  X-band  of  an  EPR  spectrome¬ 
ter  (frequency  /=  9  GHz,  klystron  power  -  250  mW). 
Illumination  with  white  light  was  provided  by  a  100  W 
tungsten  lamp.  Modulation  of  the  magnetic  field  (/  = 
0.3-100  kHz)  or  microwave  power  (/=!  kHz)  was 
used  The  measurements  were  made  at  room  tempera¬ 
ture. 

It  was  found  that  the  shape  and  intensity  of  the 
observed  signals  were  independent  of  the  registration 
technique  and  were  determined  by  the  dose  and  the 
implantation  (annealing)  temperature  The  relative  in¬ 
tensity  of  the  SDR  effect  A  A /A  (/I  =the  measured 
value,  A  A  =  its  change  at  resonance)  was  varied  in  the 
range  (1-3)  X  10'  ^ 

For  an  irradiation  temperature  7}  >  800  °  C  and  dose 
D>  5  X  lO'*  cm  an  intense  anisotropic  spectrum  was 
observed  (fig.  1).  The  angular  dependence  of  the  lines  in 
the  observed  .spectrum  with  B  in  the  (011)  plane  (fig.  2) 
corresponds  to  a  defect  with  electronic  spin  S  =  1/2 
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Fig  1  Spin-dependent  photoconductivity  spectra  (second  de¬ 
rivative)  in  structures  formed  by  nitrogen  ion  implantation 
(£  =  135  keV,  dose  £)  =  5  x  lO'^cm'-,-  F,  =  850°  C)  into  p-iype 
(100}  silicon  substrates  at  different  orientations  of  the  mag¬ 
netic  field  Frequence  of  magnetic  field  modulation  /  =  35 
kFIz,  measurements  at  room  temperature  (RT) 


and  axially  symmetrical  g-tensor  (the  principal  values 
are  a,,  =  2.0010  ±  0.0005,  g  ,  =  2  0090  ±  0  0005.  g,,  li 

(in»: 

For  lower  doses  (<  lO'*’  cm  or  lower  tempera-, 
tures  (<750°C)  an  ani.sotropic  spectrum  was  absent 
and  only  a  single  isotropic  line  (g  =  2.0035  ±  0.0005) 
was  observed.  Just  such  a  .spectrum  was  observed  in  our 
samples  after  room  temperature  implantation  followed 
by  annealing  up  to  r,  =  1200°C. 

The  g-tensor  parameters  of  the  discovered  ani.so- 


Fig  2  The  angular  dependence  of  g-factor  effective  values  of 
the  observed  spectrum  lines  with  the  magnetic  field  B  in  the 
{110}  plane.  Points  refer  to  the  experimental  values,  solid  lines 
to  compulations 


tropic  defect  coincides  with  those  of  defects  at  S1/S1O2 
(spectrum  Pho  [6])  or  Si/Si3N4  (spectrum  P^n  [7]) 
interfaces.  These  defects  are  believed  to  be  related  to 
the  dangling  Sp^  bonds  located  on  interfacial  Si  atoms 
which  are  backbonded  to  three  Si  atoms  in  the  bulk  [7]. 
Such  dangling  bonds  at  the  boundary  between  silicon 
and  buried  precipitates  of  crystalline  S13N4  (the  forma¬ 
tion  of  which  was  proved  m  ref.  [8])  or  at  the  Si/natural 
Si02  interface  could  be  responsible  for  the  observed 
anisotropic  spectrum  In  the  latter  case,  however,  the 
P^o  spectrum  would  be  observed  independently  of  the 
type  of  implanted  ion.  But  our  experiments  show  that 
p-ii-junctions  formed  by  or  P'^  implantation  give  a 
single  isotropic  line  only  (g  =  2  0040  ±  0.0005).  Just 
such  a  SDR  signal  was  observed  in  silicon  with  disloca¬ 
tions  [4,5]  and.  therefore,  it  is  reasonable  to  conclude 
that  the  observed  isotropic  signal  in  our  case  is  due  to 
dislocation  loops,  which  are  known  to  exist  in  im¬ 
planted  layers  under  the  implantation  conditions  used 
[9],  Moreover,  if  the  observed  anisotropic  signal  is  caused 
by  the  planar  Si/Si02  interface,  then  the  spectrum  from 
the  (111)  surface  would  consist  of  a  single  line  [6] 
(because  all  the  dangling  bonds  have  the  same  orienta¬ 
tion).  while  in  our  case  several  lines  are  observed  in  the 
.spectrum  simultaneously  Therefore,  the  observed  aniso¬ 
tropic  signal  IS  caused  by  defects  at  the  considerably 
nonplanar  S1/S13N4  interface 

It  was  found  that  the  form  of  isotropic  signal  de¬ 
pends  on  the  modulation  frequency  and  phase  of  the 
lock-in  detector  (fig,  3).  From  the  analysis  of  this  de¬ 
pendence  we  concluoe  that  the  observed  isotropic'  signal 
consists  of  at  least  tv'o  lines  (with  identical  g-factors 
but  different  line  widths  (A5,  =  (14  ±  3)  X  10“'*  T, 
^82  =  (1  ±2)X  \0'  *  T).  which  are  charactenzed  by 
different  relaxation  times  This  difference  in  the  relaxa¬ 
tion  times  leads  to  the  appearance  of  a  distinction 
between  the  two  SDR  signal  phases  with  respect  to  the 
phase  of  the  modulation  signal.  This  phase  difference 
depends  on  the  implantation  and  annealing  conditions 
and  is  varied  in  the  range  A<f)  =  5-50°  at  a  modulation 
frequency  /  =  35  kHz.  Such  a  value  of  A15  corresponds 
to  typical  relaxation  times  t  -  10  s  It  is  unlikely  that 
.such  a  long  t  is  concerned  with  a  spin-lattice  relaxa¬ 
tion  time  because  the  latter  is  usually  much  shorter  at 
room  temperature.  Therefore  we  suppose  (hat  the  re¬ 
laxation  time  IS  determined  by  the  recombination  time 
of  excess  carriers  and  the  two  components  of  the  iso¬ 
tropic"  signal  are  Cuu.sed  by  identical  defects  localized  in 
two  distinct  environments.  These  regions  differ  by  the 
recombination  time  of  exce.ss  carriers.  According  to  the 
g-lactor,.  the  observed  signal  is  quite  similar  to  the 
.spectrum  of  amorphous  silicon  or  dislocations  m  sili¬ 
con.  Therefore,  it  is  reasonable  to  suppose  that  the  Si 
dangling  bonds  at  the  dislocations  and  at  the 
Si/amorphous  SiN,  interface  are  responsible  for  the 
two  components  of  the  i.sotropiC  spectrum 
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Fig.  3  Modification  of  the  isotropic'  spectrum  shape  when  the 
phase  of  lock-in  detector  is  changed.  RT.  T,  =  500°C'.  the 
magnetic  field  modulation  frequency  /  =  35  kHz 


The  P(,^  spectrum  was  not  obsersed  in  our  samples 
after  room  temperature  implantation  and  subsequent 
annealing  up  to  T^  -  1200°  C,  while  the  implantation 


into  a  hot  target  leads  to  the  appearance  of  the  P|,n 
spectrum  at  temperatures  as  low  as  T,  =  800  °  C.  These 
experimental  results  confirm  the  conclusion  [10]  that  the 
formation  and  growth  of  crystalline  SiiN4  precipitates 
are  stimulated  by  ion  irradiation. 

Thus,  by  means  of  the  SDR  technique,  two  types  of 
spectra  m  SOI  structures  formed  by  N'^  ion  implanta¬ 
tion  were  found-  (i)  an  isotropic  signal  consisting  of  two 
lines,  which  are  characterized  by  different  relaxation 
times  and  are  apparently  caused  by  Si  dangling  bonds 
at  dislocations  and  at  the  Si/amoiphous  nitride  inter¬ 
face.  and  (ii)  an  anisotropic  spectrum  which  is 
believed  to  arise  from  dangling  bonds  located  on  an  Si 
atom  backbonded  to  three  Si  atoms  in  the  bulk  and 
localized  at  the  boundary  between  Si  and  crystalline 
S13N4  precipitates.  The  formation  and  growth  of  S13N4 
precipitates  are  stimulated  by  ion  irradiation. 
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Sb*  ions  were  implanted  into  heavily  As-doped  bulk  silicon  and  As*  ions  were  implanted  into  heavily  Sb-doped  bulk  silicon 
Subsequent  high-temperature  annealing  indicated  the  loss  of  Sb  atoms  For  the  samples  implanted  with  antimony  the  amount  of  lost 
Sb  depends  on  the  implanted  dose  In  comparison,  the  arsenic  concentration  in  both  samples  remained  constant  and  no  abnormal 
loss  of  arsenic  was  evident  during  the  high-temperature  anneal 


1.  Introduction 

Ion  implantation  as  a  conventional  doping  technique 
requires  high-temperature  annealing  to  restore  the  de¬ 
stroyed  crystal  lattice  and  to  electrically  activate  the 
implanted  dopants.  The  implanted  dopants  will  redis¬ 
tribute  to  a  profile  which  can  be  determined  by  the 
diffusion  of  a  limited-source  dunng  annealing  How¬ 
ever,  the  dopants  induce  stress  in  the  Si  crystal  since  the 
atomic  radius  of  the  dopant  atoms  differs  from  that  of 
Si  [1|  This  stress  results  in  a  significant  effect  on  the 
dopant  diffusion  and  the  solid  solubility  of  the  impuri¬ 
ties  [2] 

In  many  ca.ses  the  impurities  are  implanted  with  low 
do.ses.  The  differences  in  the  atomic  radii  are  not  a 
serious  problem  during  annealing  since  the  concentra¬ 
tion  of  the  dopant  is  low.  However,-  the  behavior  of  B,  P 
and  As  in  heavily  doped  Si  during  annealing  is  com-- 
plicated,  as  the  diffusion  coefficient  of  the  dopant  de¬ 
pends  on  Its  concentration. 

The  interest  in  this  subject  is  whether  or  not  the 
differences  in  the  atomic  sizes  of  St  and  impurities 
really  affect  the  redistributions  of  the  dopants  in  Si 
during  annealing.  We  reveal  in  this  paper  that  the 
redistributions  of  the  dopants  in  As-implanted  Sb-doped 
Si  and  Sb-implanted  As-doped  Si  during  annealing  de¬ 
pend  highly  on  the  radius  of  the  implanted  ion  and  the 
solid  solubility 

2.  Experiments 

Heavily  Sb-doped  Czochralski  (100)  St  wafers  with  a 
concentration  of  0.8  x  10'''cm'  ’  and  heavily  As-doped 
Czochralski  (100)  St  wafers  with  a  concentration  of 
2  X  10‘"  cm“’  were  used  for  the  experiments.  50  keV 


As  *  ions  were  implanted  into  the  Sb-doped  Si  wafers  at 
doses  in  the  range  1  X  10'‘’-1  x  lO'*’  As*  cm^"  This 
sample  ts  referred  to  as  Si(Sb-As).  Al.so.  70  keV  Sb* 
ions  were  implanted  into  the  A,s-doped  Si  wafers  at 
doses  in  the  range  1  x  10''*-]  x  lO''’  Sb*  cm''.  This 
sample  is  referred  to  as  Si(As-Sb).  The  incident  direc¬ 
tion  of  the  ion  beam  was  misaligned  by  7°  from  the 
(100)  crystal  axis  to  minimize  the  channeling  effect.  The 
implanted  samples  were  annealed  in  flowing  Ar  gas  at  a 
temperature  of  1000  °C  for  30  min.  The  elhp.sometric 
thickness  of  native  oxide  films  grown  on  silicon  wafers 
was  about  2.5  nm. 

To  confirm  the  results  for  Si(As-Sb)  and  Si(Sb-As), 
the  following  experiments  were  performed.  First,  70 
keV  Sb*  ions  were  implanted  into  B-doped  Czochralski 
(lOO)Si  wafers  with  a  concentration  of  3  x  lO'^cm'-’,  at 
a  dose  of  1  x  lO'-'-l  Sb*  cm“'.  The  sample  is  referred 
to  as  Si(B-As).  Secondly,  50  keV  As*  ions  were  im¬ 
planted  into  P-doped  Czochralski  (lOO)Si  wafers  with  a 
concentration  of  3  x  lO'^cm  at  a  dose  of  1  X  lO'"’-! 
As*  cm  '.  The  sample  is  referred  to  as  Si(P-As) 
Thirdly,  40  keV  Ar*  ions  were  implanted  into  Sb-doped 
Czochralski  (inO)Si  wafers  with  a  concentration  of  0.8 
X  10”cm  and  As-doped  Czochralski  {100)Si  wafers 
with  a  concentration  of  2  X  10^"  cm  '*,-  at  a  dose  of 
1  X  10'^  Ar*  cm  '  These  samples  are  referred  to  as 
Si(Sb-Ar)  and  Si(A,s~Ar),  re.spectively  The  Si  wafers 
were  annealed  m  flowing  Ar  gas  at  1000  °C  for  30  min. 

The  annealed  samples  were  activated  in  a  neutron 
flux  of  2.8  X  10'*cm“'  s“  '  for  1  h.  Some  of  the  As  and 
Sb  converted  into  the  radio-isotopes  of  ’*’As  and  '^'Sb, 
respectively.  A  thickne.ss  of  10  nm  was  removed  succes¬ 
sively  from  the  sample  surfaces  by  repeating  anodic 
oxidation  and  oxide  removal  by  HF  diluted  with  water. 
Depth  profiles  of  the  As  and  Sb  concentrations  in  Si 
were  obtained  by  measuring  the  radiation  emitted  from 
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the  radioactive  isotopes  of  ’'As  and  *’’Sb  in  the  HF 
solutions  The  radiation  was  measu''ed  using  an  Nal(Tl) 
scintillation  counter  and  a  1024-channel  pulse-height 
analyzer.  The  system  was  calibrated  by  measuring  the 
radiation  emitted  from  standard  samples  of  ^*’As  and 
’"Sb.  ^ 

The  y-ray  spectrum  from  ’*As  was  in  the  same 
energy  region  as  that  from  '"Sb.  The  energy  of  the 
dominant  radiation  from  ^"As  is  0.56  MeV  and  that 
from  ''"Sb  is  0.564  MeV.  Time  decay  curves  of  the 
ladiations  were  measured  to  separate  the  y-ray  spec¬ 
trum  The  half-life  of  ^Vs  is  26  4  h  and  that  of  "Sb  is 
64.3  h. 


3.  Results  and  discussion 

Fig.  1  shows  the  concentration  profiles  of  Sb  and  As 
in  Si(Sb-As)  annealed  at  a  temperature  of  1000°C  for 
.30  mm  as  a  function  of  the  implanted  dose  The  larger 
the  arsenic  dose,  the  deeper  the  As  has  diffused  in  the 
Sb-doped  sample  The  depth  where  the  concentration  of 
the  As  IS  reduced  by  an  order  of  magnitude  from  its 
peak  concentration  became  deeper  with  the  increase  of 
implanted  dose  It  was  85  nm  for  a  dose  of  1  x  10‘'' 
cm  ^  115  nm  for  a  dose  of  1  X  lO'^cm"  ‘.  and  265  nm 
for  a  dose  of  1  X  lO'^  cm“  *.  The  diffusion  coefficient  of 
As  in  Si  at  1000  °C  increases  with  the  increase  of  As 
concentration  It  reaches  a  maximum  value  of  5  X  10' 
cm’  s  '  at  an  As  concentration  of  .3  x  10‘"  cm  '.  and 
then  decreases  (.3],  At  high  concentrations  of  As.  le 
above  lO’"  cm  ’.  it  is  believed  that  arsenic  can  form 
clusters  [4].  which  are  immobile  below  I000°C.  How¬ 
ever..  the  diffusion  of  As  in  Si(Sb-As)  implanted  with 
As  at  a  do.se  of  1  x  lO'^cm  ’  after  annealing  at  1000 °C 
for  30  min  was  compared  with  that  in  A,s-iniplanted 
p-tvpe  Si  after  annealing  at  lOOd^C  for  20  min  [5]  The 
distribution  of  As  in  Si(Sb-A.s)  was  shallower  than  that 
in  both  Si(B-As)  and  Si(P-As)  shown  in  fig  3b.  The 


redistribution  profile  of  As  in  the  Si{B-As)  was  the 
.same  .  that  in  the  Si(P-As).  This  indicates  that  the 
n-type  or  p-type  nature  of  the  substrate  had  no  effect 
on  the  redistribution  of  the  implanted  arsenic  Thus,  the 
anomalous  redistribution  profiles  of  As  in  Si(Sb-As) 
and  Si(As-Sb)  may  be  cau.sed  by  the  differences  in  the 
atomic  sizes  of  impurities  and  Si  atoms.  A  similar 
profile  of  antimony  has  been  obtained  in  Ga-implanted 
Sb-doped  Si  covered  by  native  oxide  films  after  being 
annealing  at  950  °C  for  30  min  [6].  However,  the  profile 
differs  from  that  of  antimony  in  silicon  with  a  capping 
layer  [7]  This  seems  to  be  because  the  native  oxide 
films  are  much  thinner  than  the  capping  layer  and  their 
physical  and  chemical  properties  differ  considerably 
from  those  of  thermally  grown  silicon  o'.ide 

A  large  amount  of  Sb  in  Si(Sb-As)  with  the  As 
concentrations  of  1  X  10'“*  and  1  x  lO''  cm  ’  was  lost 
from  the  surface  into  the  atmosphere  during  annealing 
The  number  of  lost  Sb  atoms  increased  proportionally 
to  the  implanted  dose  The  profile  of  the  Sb  is  described 
by  the  equation  =  8  X  lO"*  (cm^  ')  -  0.043 for 
the  sample  implanted  with  arsenic’  at  a  dose  of  1  X  lO''* 
cm“  ‘  The  profile  of  antimony  m  all  regions  in  silicon, 
except  the  near  surface  of  the  .sample  implanted  with 
arsenic  at  a  do.se  of  1  x  10'-^  cm " is  described  by  this 
equation  Here.  Ash  is  the  Sb  concentration  and  is 
the  As  concentration.  The  Sb  concentration  m  Si(Sb-AsJ 
IS  8x  10'“  cm  ’  The  value  of  0  043  agrees  with  the 
value  calculated  from  the  relation  (1  -{i/as/''/s  r’)/(l 
-  ( )'A  (IJ-  where  d  is  the  atomic  size  Thus,  this 
latter  equation  implies  that  the  stress  induced  by  the 
As*  implantation  is  relea.sed  by  losing  Sb  from  Si  into 
the  atmosphere  However,  the  redistribution  of  Sb  in 
Si(Sb-As)  with  an  As  concentration  of  1  X  lO"*  cm  ’ 
did  not  follow  the  former  equation  The  stress  release 
caused  by  the  Sb  loss  .seems  not  to  occur  in  this  sample 
since  the  stress  due  to  As  incorporation  is  much  larger 
than  the  stresses  induced  by  the  Sb 

Fig  2  shows  the  concentration  profiles  of  As  and  Sb 
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Fig  1  C'oncenlration  profiles  of  Sb  and  As  in  Si(Sb-As)  annealed  at  a  temperature  of  1(X)0°C  for  .30  min  as  a  function  of  the 
implanted  dose  Solid  lines  show  the  concentration  of  Sb  remaining  in  Si  after  annealing  This  is  represented  by  the  equation 
Ash  •“  If  X  lO'"  (cm  ’)  '0.04.3^^,,  approximately,  in  silicon  implanted  with  doses  of  1  x  lO’’*  and  1  x  lO"  As  *  cm  ‘ 
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Fig  Z  Concentration  profiles  of  As  and  Sb  in  Si(As-Sb)  annealed  at  a  temperature  of  1000  °C  for  30  mm  as  a  function  of  the 
implanted  dose  of  As  ions  The  solid  line  represents  the  profile  calculated  from  a  solution  for  limited-source  diffusion  [4J. 


in  Si(A.s-Sb)  annealed  at  a  temperature  of  1000°C  for 
30  min  as  a  function  of  the  implanted  dose.  The  .solid 
line  in  this  figure  represents  the  profile  calculated  from 
a  solution  for  hmited-.source  diffusion  [8]  The  diffusion 
of  Sb  IS  retarded  in  Si(As-Sb)  with  the  increase  of  the 
Sb  do.se.  A  large  loss  of  Sb  atoms  during  annealing  must 
be  noted  in  addition  to  the  retarded  diffusion,  com¬ 
pared  to  the  calculated  profile  The  number  of  lost  Sb 
atoms  met  eased  with  the  increase  of  dose 

The  experimental  results  for  the  Sb  ''-implanted  .sam¬ 
ples  are  shown  in  fig  3a  The  diffusion  of  Sb  in  an¬ 
nealed  Si(P-Sb)  is  retarded  slightly  compared  to  the 
curs’e  calculated  from  the  solution  for  limited-source 
diffusion  [8].  However.,  the  retardation  of  the  diffu.sion 
was  smaller  than  that  in  Si(As-Sb)  The  atomic  size  of 
P  IS  smaller  than  that  of  Si  by  0  07  nm  [9]  Thus,  the 
stress  induced  by  the  incorporation  of  Sb  ions  is  com¬ 
pensated  by  that  induced  by  P  doped  into  Si  and  the 


redistribution  profile  of  Sb  in  Si(P-Sb)  compares  with 
the  calculated  curve. 

The  experimental  results  for  As'  implanted  in  B- 
and  P-doped  silicon  are  shown  in  fig.  3b  The  redistri¬ 
bution  profile  of  As  in  Si(P-A.s)  agrees  with  that  of  As 
in  Si(B-As).  The  redistribution  profile  of  As  is  indepen¬ 
dent  of  the  background  impurity  in  Si  although  the 
atomic  size  of  B  differs  slightly  from  that  of  P  This 
implies  that  the  n-type  or  p-type  nature  of  the  ..ubstrate 
had  no  effect  on  the  redistribution  of  the  implanted 
ar.senic  The  stress  induced  by  the  As  ion  implant  is 
compensated  by  that  induced  by  boron  and  phos¬ 
phorus  Thus,  the  larger  stress  induce  by  ion  implanta¬ 
tion  causes  the  anomalous  redistributions  of  As  and  Sb 
in  both  Si(Sb-As)  and  Si(As-Sb) 

The  experimental  results  for  Ar '-implanted  silicon 
are  shown  in  fig.  3c.  The  redistribution  of  As  in  Si(As- 
Ar)  and  of  Sb  in  Si(Sb-Ar|  occurred  even  after  high- 


Fig  3  (a)  Concentration  profiles  of  Sb  in  Si(P-Sb)  annealed  at  a  temperature  of  10t)0°C  for  .30  min  'Ihe  solid  line  represents  the 
profile  calculated  from  a  .solution  for  limiled-.source  diffusion  (4]  (b)  Concentration  profiles  of  As  in  Si(B-A.s)  and  Si(P-As) 
annealed  al  a  temperature  of  100o°C  for  30  mm  (c)  Concentration  profiles  of  As  in  Si(As-Ar)  and  Sb  in  .Si(Sb-Ar)  annealed  at  a 

temperature  of  i()00°C  for  .30  min 
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temperature  annealing.  The  implantation  of  argon 
damages  the  Si  at  this  high  dose  and  destroys  the  Si 
lattice  The  destroyed  Si  lattices  recover  at  temperatures 
as  low  as  500  °C  [10].  The  annealing  temperatures  in 
these  experiments  were  much  higher.  That  is,  the 
anomalous  redistributions  in  figs.  1  and  3  are  not  caused 
by  the  mechanism  of  impurity  segregation  at  the  mov¬ 
ing  amorphous-crystalline  boundary  as  it  moves  to¬ 
wards  the  surface  during  regrowth  [11]. 

However,,  the  anomalous  redistribution  of  implanted 
antimony  in  Si(As-Sb)  cannot  be  considered  to  be 
caused  only  by  the  stress  induced  by  the  incorporation 
of  impunties  That  is,  the  concentration  of  Sb  remain¬ 
ing  in  Si(As-Sb)  after  annealing  was  limited  to  about 
1  4  X  10^*^  cm'-’  for  samples  implanted  with  a  dose  of 

1  X  lO'^-l  X  10'^  Sb”^  cm‘^.  as  shown  in  fig.  2.  This 
concentration  compares  approximately  with  a  solid 
solubility  of  8  X  lO'^cm'’’  [12]  for  antimony-implanted 
silicon.  On  the  other  hand,  the  distribution  of  As  in 
Si(As-Sb)  was  scarcely  modified  by  annealing  in  com-- 
parrson  to  the  anomalous  redistribution  of  Sb  in  Si(Sb- 
As)  during  annealing.  The  solid  solubility  of  As  in  Si  is 

2  X  lO’’  cm“^  [8].  The  difference  in  the  distributions  of 
the  Sb  profile  in  Si(Sb-As)  and  the  As  profile  in  Si(As- 
Sb)  may  be  explained  by  the  difference  in  the  solid 
solubilities  of  As  and  Sb  in  silicon. 


5.  Conclusion 

The  diffusion  of  As  in  Si(Sb-As)  was  retarded  com¬ 
pared  to  that  in  both  Si(B-As)  and  Si(P-As)  wafers  In 
both  Si(Sb-As)  and  Si(A,s-Sb)  no  significant  loss  of 
arsenic'  occurred  during  annealing  The  retarded  diffu¬ 
sion  of  arsenic  was  caused  by  the  larger  stress  induced 


by  the  As  ion  implantation.  The  majority  of  the  Sb 
atoms  in  Si(Sb-As)  and  Si(As-Sb)  was  lost  into  the 
atmosphere  during  annealing.  To  relea,se  the  stress  in¬ 
duced  by  ion  implantation  an  unusual  redistribution  of 
the  Sb  atoms  took  place,  aided  by  the  low  solid  solubil¬ 
ity  of  antimony  in  silicon.  In  Si(Sb-As)  with  an  As 
concentration  of  1  X  lO'*  cm"',  the  redistribution  of 
the  Sb  atoms  did  not  occur  because  the  stress  induced 
by  As  is  much  larger  than  that  induced  by  Sb. 
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The  implantation  of  ‘^Si"*  ions  at  different  substrate  temperatures  ranging  from  120  to  820  K  into  shallow  p*n  junction 
structures  was  used  for  the  study  of  ion  implantation  defects  in  n-type  Si  The  stability  of  the  created  defects  was  investigated  using 
isochronal  furnace  annealing  in  the  temperature  range  370-820  K  The  results  of  DLTS  measurements  were  compared  with  measured 
reverse  /-  P"  characteristics  The  results  show  the  dominant  role  of  thermally  stimulated  dissociation  and  the  production  of  secondary 
defects  involving  vacancies  These  processes  are  significantly  influenced  both  by  implantation  temperature  and  by  the  subsequent 
transient  to  rixim  temperature 


1.  introduction 

Contemporary  trends  toward  VLSI  and  ULSI  de¬ 
vices  have  increased  the  importance  of  investigating 
low-dose  (<  10'"  cm“’)  lon-implantation  residual  de¬ 
fects.  The  reason  for  this  is  the  necessity  to  completely 
remove  these  defects  and  an  antagonistic  industry  trend 
towards  lower  temperature  processing.  On  the  other 
hand,  the  importance  of  controlled  introduction  of  de¬ 
fects  for  local  control  of  semiconductor  microphysical 
parameters  is  increasing  [1].  In  this  case  attention  is 
paid  to  the  influence  of  implantation  conditions  on 
defect  production  and  stability. 

Investigations  in  this  field  [1-5]  have  been  focused  in 
the  last  decade  on  the  identification  of  the  defects 
produced,  their  concentration  profiles,  stability  and  the 
influence  of  implantation  dose  and  substrate  quality 
parameters  on  individual  defect  production.  The  results 
[2,3]  show  a  similarity  in  the  nature  of  defects  produced 
by  implantation  and  electron  irradiation  [5],  The  point 
defects,  such  as  divacancies  (Vj),  vacancy-oxygen  pairs 
{VO  -  “A”  center),  vacancy-phosphorus  pairs  (VP  - 
“  E”  center)  and  CVO,  CVB,  C,Cj  complexes  could  be 
considered  as  the  most  important.  Less  attention  has 
been  paid  to  the  influence  of  implantation  temperature 
on  implantation  defect  generation.  The  works  investi¬ 
gating  substrate  temperature  influence  on  electron- 
irradiation  defect  production  (e.g.  ref.  [6])  are  only 
available. 

In  this  paper  the  influence  of  implantation  tempera¬ 
ture  on  implantation  defect  production  and  stability 
was  studied.  Deep-level  transient  spectroscopy  (DLTS) 


[7]  was  used  to  identify  the  defects  created  The  results 
were  correlated  with  the  electrical  parameters  of  the 
investigated  structures,  represented  by  reverse  l-V 
characteristics. 


2.  Experiment 

Phosphorus-doped  n-type  silicon  wafers  with  a  shal¬ 
low  donor  concentration  of  about  1.3  X  lO"  cm  '  ’  and 
(100)  orientation  were  used  m  the  experiment.  The 
concentration  of  residua!  impurities  declared  by  the 
manufacturer  was  lower  than  1  X  lO'**  cm'  in  the  case 
of  oxygen  and  around  10'^  cm  ’  for  carbon  The  fabri¬ 
cation  of  test  diode  structures  was  performed  by  shal¬ 
low'  implantation  of  complex  at  10  keV  and  with 

a  total  dose  of  5  X  10'^  cm"^  at  300  K  through  550  X 
550  pm  windows  created  in  the  oxide  layer.  The  implant 
was  then  annealed  for  30  min  at  1073  K  m  an  N2 
atmosphere.  According  to  SUPREM  II  simulation,  the 
resulting  junction  depth  should  be  about  160  nm.  Back 
ohmic  contact  was  produced  by  shallow  PSG  diffusion. 
The  mean  value  of  the  leakage  current  /„  ( -  5  V) 
measured  for  5  V  reverse  bias  was  4.5  ±  0.3  pA  In  the 
next  step  the  wafers  were  implanted  by  160  keV  ^*Si^ 
(1  X  10"  cm-^)  at  twelve  different  substrate  tempera¬ 
tures  ranging  from  120  to  820  K  with  a  dose  rate  of 
1  X  10’  cm“^  s“',  so  that  only  radiation  defects  were 
created  by  ion  implantation.  The  temperature  was  mea¬ 
sured  by  a  thermocouple  mounted  on  the  wafer  holder 
on  the  back  of  the  wafer  and  stabilized  to  within  ±  3  K 
of  the  de,sired  value.  After  implantation  spontaneous 
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transient  to  room  temperature  followed  and  reverse  I-  V 
chaiacteristics  were  immediately  measured  using  an  HP 
4140B  pA-meter.  Capacitance  DLTS  measurements 
using  a  DLS-8iE,  spectrometer  and  a  multichannel 
DLTS  system  based  on  an  HP  4280A  1  MHz  capaci¬ 
tance  meter  were  performed  in  the  temperature  range 
80-300  K  with  rate  windows  of  20  ps-l  s  and  with 
majority  as  well  as  minority  carriers  filling  pulse  excita¬ 
tion.  Subsequent  30  min  isochronal  furnace  annealing  in 
an  Nj  atmosphere  and  in  a  temperature  range  of  370- 
820  K  was  performed  for  each  set  of  samples  implanted 
at  a  different  temperature.  After  that  DLTS  and  I-V 
measurements  were  repeated. 


3.  Results 

Typical  DLTS  spectra  of  unannealed  samples  im¬ 
planted  at  120,  220  and  820  K  are  shown  in  fig.  1. 
DLTS  spectra  of  all  the  samples  were  measured  under 
equivalent  conditions  with  current  pulse  excitation  (10 
mA,  400  (JLS)  A  total  of  three  electron  traps.  E1-E3,  and 
ten  hole  traps.  Hl-HlO,  were  obsers'ed  Identification 
parameters  of  these  levels  obtained  by  isotl.ermal  and 
multichannel  DLTS  measurements  are  presented  in  ta¬ 
ble  1  which  also  includes  the  thermal  stability  of  defects 
for  an  implantation  temperature  of  300  K.  The  in¬ 
fluence  of  implantation  temperature  and  the  tempera¬ 
ture  of  sub.sequent  annealing  on  the  DLTS  signal  of  the 
mo.st  important  levels  is  shown  in  fig.  2  (El  level  -  VO), 
fig.  3  (E3  -  V,  and  VP),  fig.  4  (H3  -  CVO)  and  fig  5 
(H5).  Concentration  profile  measurements  of  El  and  E3 
levels  showed  that  the  width  of  the  profiles  is  about  a 
factor  of  2  wider  than  the  primary  defect  profiles  calcu¬ 
lated  by  the  Monte  Carlo  full-cascade  simulation  code 
TRIM  [9]  The  influence  of  implantation  temperature 


Fig.  2  Level  El  0  pair)  DLTS  signal  dependence  on  im¬ 
plantation  and  annealing  temperature. 


and  the  temperature  of  isochronal  annealing  on  the 
reverse  current  (-5  V)  is  shown  m  fig.  6  m  the  form 
of  a  ratio  of  the  measured  current  f,  and  the  mean 
value  of  the  leakage  current  of  unimplanted  diodes. 

4.  Discussion 

DLTS  spectra  of  unannealed  SC  implanted  samples 
with  typical  defect  levels  labeled  El,  E3  and  H3  are 
generally  comparable  to  those  observed  in  the  same 
material  after  implantation  with  different  ions  (e.g 


TEMPERATURE  /K/ 

Fig.  1  DLTS  spectra  of  unannealed  p*  n  diodes  implanted  by  ions  at  120.  220  and  820  K,  current  pulse  excitation  (10  mA, 

400  (is),  rate  window  260  s '  ' 
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Table  I 

Deep-le\el  identification  parameters  and  tentative  interpretation 


£■,-018 
£,  -0  23 
£■,  -0  41 

+018 
£,  +0  29 
£,  +0  38 
£,  +0.20 
£,  +0  30 
£,  +0  23 
£,.+011 
£,  +0.29 
£,  +045 
£  +0  56 


Cross 

.section 

[m 

2x10^  '* 
IxIO”''' 
1x10 

1x10 

3x10 

3x10'* 

5X10-'" 

3X10 

4x1!)'''* 

8x10 

1  xl0‘ 

4x10""' 

SxlO'"* 


Occurrence 


<  620  K 

Tj  <  570  K 
r,  <  420  K 


T;,  <  570 
<  620 
T,  <  570 
420  <  t;, 
570  <  /i 
570  <  r, 
o70  < 
670  < 
670  < 
670  <  r 


K 

K 

-620  K 

<  770  K 

<  720  K 
<820  K 
<820  K 
<820  K 
<820  K 
<820  K 


Interpretation 


VO(0/-) 
V,(-/-- 
V,(0/-) 
VP(0/  - ) 

V,(  +  /0) 
OVB 

cvo 


'H’-,,  “He",  "b",  -'"p*,-  '"S’*,  ’“'Br**, 

[1-4]  or  after  electron  bombardement  [.5]  A  tentative 
interpretation  of  the  identified  defects  is  presented  in 
table  1  It  IS  based  on  a  comparison  of  deep-level 
parameters,  implantation-temperature  dependence  and 
stability  with  results  of  previous  works  in  this  topic 
[1-5).  In  the  case  of  the  E3  (£,  -0  41  eV)  level,  two 
distinct  defects  -  divacancy  (V,)  and  phosphorus- 
vacancy  pair  -  contribute  together  to  the  observed 


DLTS  signal.  The  relative  numbers  of  the.se  defects  may 
be  found  from  fig.  3  according  to  their  thermal  stability 
(Vj  <  570  K..\'P  <  420  K).  The  dominant  defects  created 
after  implantation  of  Si"  into  n-tvpe  Si  are  divacancie.s. 
VO  and  VP  pairs  and  CVO  complexes.  Hole  traps  H4 
to  HIO  are  connected  with  defect  complexes  created  at 
higher  implantation  and  annealing  temperatures  (fig.  6) 
and  their  nature  is  still  unknown. 

The  dominant  influence  of  the  E3  level  on  the  mag¬ 
nitude  of  diode  reverse  currents  can  be  estimated  by 
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Fig.  3.  Level  E3  (Vj  and  VP  pair)  DLTS  signal  d'^^’ndence  on 
implantation  and  annealing  temperature. 


Fig.  4  Level  H3  (CVO  complex)  DLTS  signal  dependence  on 
implantation  and  annealing  temperature. 
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Fig  5  Level  H5  DLTS  signal  dependence  on  implantation  and 
annealing  temperature 


compartng  the  dependences  tn  fig,  3  and  fig.  6.  How¬ 
ever.  simulation  of  the  obtained  results  using  a  one-di¬ 
mensional  device  simulator  HAHA  [10].  involving  im¬ 
plementation  of  the  measured  DLTS  data,  shows  the 


Fig  6  Diode  reverse-current  dependence  on  implantation  and 
annealing  temperature 


crucial  role  of  mutual  coupling  between  level  E3  and 
H3  on  charge  transport  between  bands  and  as  a  conse¬ 
quence  on  the  reverse  current..  Consideration  of  the 
multilevel  generation  model  without  coupling  leads  to 
unrealistic  values  of  deep-level  concentrations 

The  role  of  implantation  temperature  on  implanta¬ 
tion  defect  generation  can  be  resolved  by  considering 
the  separate  defect  concentration  dependences  (figs. 
2-6).  The  increase  of  diode  reverse  current  for  implan¬ 
tation  temperatures  lower  than  220  K  may  be  connected 
with  enhancement  of  the  generation  of  secondary  stable 
defect  (Vjf  VP,  etc.)  due  to  the  liberation  of  free  vacan-- 
cies  (8).  The  gradual  decrease  in  the  temperature  range 
270-570  K  is  caused  by  successive  annealing  of  VP 
pairs.  A  sharp  decrease  at  720  K  is  connected  with  the 
generation  decrease  of  stable  secondary  defects,  e.g.,  V2,. 
VO  and  CVO.  The  occurrence  of  defects  in  a  tempera¬ 
ture  region  higher  than  the  annealing  temperature  of  a 
given  defect  (see.  e.g.,  fig.  2)  is  at  variance  with  results 
of  ref.  [6],  in  which  the  influence  of  substrate  tempera¬ 
ture  on  radiation-defect  production  generated  by  elec¬ 
tron  irradiation  was  investigated.  This  may  be  caused 
by  a  process  of  primary-defect  reaction  and  secondary-, 
defect  creation  and  annihilation  during  spontaneous 
cooling  of  the  sample.  The  greatest  unstability  of  sec¬ 
ondary  defects  for  implantation  temperatures  near  270 
K  is  due  to  the  low  annealing  temperature  of  VP  pairs, 
which  are  mainly  generated  near  this  temperature.  Pho.s- 
phorus-vacancy-pair  decomposition  near  420  K  leads 
to  free-vacancy  release,  and  an  increasing  number  of 
free  vacancies  stimulates  further  production  of  stable 
vacancy-impurity  complexes  so  that  negative  annealing 
of  these  defects  at  370-550  K  may  be  observed  (see  figs 
2  and  4)  High  stability  of  implantation  defects  is 
achieved  at  implantation  temperatures  above  670  K,  at 
which  unstable  VP  pairs  are  not  generated.  Similarly, 
concentration-profile  measurements  of  VO  and  V,  -t-  VP 
defects  .show  good  stability  of  their  damage  profiles 
when  implantation  temperatures  higher  than  670  K  are 
used. 


5.  Summary 


DLTS  and  reverse  /-  V  characteristics  measurements 
have  been  used  to  investigate  the  influence  of  implanta¬ 
tion  temperature  on  ion-implantation-defect  generation 
in  shallow  p  '  n  diode  structures,  and  the  crucial  mecha¬ 
nisms  of  defect  production  have  been  determined.  The 
highest  production  rate,  but  the  worst  defect  stability,  is 
achieved  by  selecting  an  implantation  temperature  in 
the  200-300  K  region.  Utilization  of  implantation  tem¬ 
peratures  higher  than  670  K  increases  defect  stability. 
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Some  properties  of  amorphous  silicon  produced  by  helium 
ion  implantation 

A.V.  Buravlyov,  A.F.  Vyatkin.  V.K.,  Egorov,  V.V.  Kireiko  and  A.P.  Zuev 

hisiiiuie  oj  UiiioeleilronKi  Ti\hnoli)^v  und  High  Purity  Materiah.  Academy  of  Sciences  of  the  USSR,  I424i2  Chernogolovka. 
Moscow  District.  USSR 


The  properties  of  silicon  damaged  layers  obtained  by  1(K)  and  50  kcV  helium  ion  irradiation  at  room  temperature  have  been 
studied  At  irradiation  doses  of  5x10''’  cm  '  the  yield  of  scattered  ions  at  the  depth  of  maxtmum  damage  distribution  m  the 
Rutherford  backscattering  spectra  (RBS)  corresponded  to  the  yield  for  the  random  spectrum.  In  as-implanted  samples  the  value  of 
the  electron  spin  resonance  (ESR)  signal  with  g  =  2  0055  characteristic  of  amorphous  silicon  did  not  exceed  the  background  level  of 
the  spectrometer,  Further  isochronal  annealing  from  room  temperature  to  600  °C  revealed  that  beginning  from  180°C  there  occurs 
an  I  SR  signal,  the  salue  of  which  increases  up  to  300 °C,  and  decrea.ses  to  zero  at  450 “C  The  back.scattering  spectra  in  this  case 
eshibit  significant  changes,  suggesting  the  abnormal  character  of  annealing  of  the  amorphous  laser  This  paper  presents  an  analysis 
of  the  observed  sanations  of  the  ESR  signal  and  the  RBS  spectra 


1.  Introduction 

Formation  of  amoiphous  layers  upon  ton  implanta- 
iion  of  semiconductors  is  either  an  inesitable  result  of 
the  formation  of  highly  doped  regions  [1)  oi  a  proce.ss 
specially  performed  to  fabricate  regions  of  semiconduc¬ 
tor  materials  with  given  properties  (for  instance., 
saturated  solid  solutions  [2].  shallow  p-n  transitions  |3), 
etc  )  Therefore,  the  amorphization  proce.ss  is  of  interest.. 
I  e...  the  crvstal-amorphous  state  phase  transition  (c-a 
transitiont.  as  well  as  the  reverse  process,  i.e.  .solid  phase 
epitaxial  growth  from  the  amorphous  phase  (a-c  transi¬ 
tion)  Over  the  recent  decade  intense  investigations  of 
these  processes  allowed  for  establishing  their  mecha¬ 
nisms  which  .served  as  the  basis  for  development  of 
some  models  of  a-c  transitions  [4.5]. 

In  most  models  the  decisive  influence  of  point  de¬ 
fects  on  the  parameters  of  the  processes  is  empha.sized. 
In  particular,  practically  all  the  models  of  lon-beam 
induced  epitaxial  growth  (IBIFG)  are  based  on  the  a-c 
transition  being  induced  by  radiation  damage  formed 
upon  irradiation  in  the  vicinity  of  the  a-c  interface 
However,  the  mechanism  of  the  influence  of  point  de¬ 
fects  and  each  specific  type  of  defect  on  a-c'  transitions 
has  yet  to  be  studied. 

In  ion  implantation  the  atomic'  structure  of  the 
damaged  layer  is  generally  characterized  by  the  pres¬ 
ence  of  a  great  number  of  different  defects,  both  simple 
and  complex  ones.  For  this  reason,  in  the  proces.ses 
related  to  defect-structure  relaxation  it  is  difficult  to 
isolate  the  role  of  a  particular  type  of  defect.  Implanta¬ 
tion  of  silicon  with  light  ions  at  low  do.se  rates  is 
accompanied  with  the  formation  of  simple  point  defects 


or  their  mobile  complexes  [6,7].  Therefore,  in  the  pre¬ 
sent  work  an  attempt  has  been  made  to  estimate  the 
role  of  radiation-induced  simple  point  defects  during 
amorphization  and  crystallization  of  silicon 


2.  Experimental 

N-type  (100)  ,Si  wafers  with  a  resistivity  of  10  ficni 
were  irradiated  at  room  temperature  by  a  scanning 
beam  of  50  and  100  keV  He  ions  at  a  dose  of  5  X  lO"' 
lon/cm'  Sub.sequent  to  implantation  the  wafers  were 
cut  into  separate  samples  that  were  subjeemd  to  30  min 
isochronal  annealing  from  room  temperature  to  600  °C. 
After  each  stage  of  annealing  one  sample  was  selected 
to  record  the  ESR  and  RBS  spectra.  Some  samples  were 
investigated  by  cross-section  transmission  electron  mi¬ 
croscopy 


3.  Results 

Fig  1  shows  RBS  spectra  taken  in  the  channeling 
direction  for  the  [100]  samples  in  question.  It  is  easily 
.seen  that  in  both  cases  50  and  100  keV  He^  ion 
implantation  (figs  la  and  b.  respectively)  at  a  dose  of 
5  X  lO''’  lon/cm'  leads  to  formation  of  a  region  whose 
level  of  radiation  damage  coincides  with  that  of  random 
spectra  This  region  is  formed  near  the  maximum  of  the 
damage  distribution  No  appreciable  accumulation  of 
defects  occurs  in  the  crystal  area  located  between  the 
buried  amorphous  layer  and  the  surface.  The  defect 
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Fig  1  Rutherford  backbcaltenng  spectra  taken  in  the  direction  of  channeling  of  [100]  silicon  samples  implanted  with  (a)  50  keV,  and 
(b)  100  keV  helium  ions  at  a  dose  of  5  x  lO'^cm"*,  at  room  temperature  and  annealed  at  150.  300.  450  and  600  °C 


density  near  the  amorphous  layer  decrea.ses  rapidly  to 
that  of  the  virgin  crystal.  Yet,  the  ESR  spectra  of  such 
samples  do  not  exhibit  any  significant  concentration  of 
paramagnetic  centres  with  a  g-factor  equal  to  2.0055 
which  are  always  indicative  of  the  amorphous  state  in 
silicon  [8,9]  (fig  2). 

A.  .lealing  of  samples  to  180'’ C  does  not  bring  about 
any  perceptible  changes  in  the  ESR  spectra  At  temper¬ 
atures  >  150°C  there  occurs  partial  annealing  of  radia- 


A^’jlA  '1:'.  ,  i  ;; 


Fig.  2  ESR  signal  of  silicon  samples  implanted  wiih  50  keV 
(curve  1)  and  100  keV  (curve  2)  helium  ions  at  a  dose  of 
5  X  lO"’  cm'^  at  room  temperature  as  a  function  of  annealing 
temperature 


tion  damage  involving  a  decrease  of  the  ion  yield  in  the 
RBS  spectra  to  values  much  less  than  the  level  of  the 
random  spectrum  The  ESR  spectrum  of  the  same  sam¬ 
ple  shows  a  peak  with  g  =  2.0055  after  annealing  at 
180° C.  As  the  annealing  temperature  is  increased  to 
450  °C,.  the  RBS  spectra  exhibit  a  monotonic  decrease 
in  the  backscattered  ion  yield.  Treatment  of  100  keV 
He'^^-implanted  samples  at  600 ‘’C  results  in  practically 
complete  annealing  of  defects  and  their  RBS  spectrum 
does  not  differ  from  that  of  unimplanted  silicon.  In  the 
50  keV  He  ^-implanted  samples  annealed  at  600 ‘’C  a 
great  number  of  defects  remain  at  the  He’’^  ion  pro¬ 
jected  range  which  may  be  due  to  the  formation  of 
microcavities  filled  with  gaseous  helium  In  the  ESR 
spectra  the  signal  for  g  =  2.0055  increases  with  tempera¬ 
ture  up  to  300 C  and  then  decreases  monotonically  to 
zero  at  450  “C  for  both  types  of  samples.  The  ESR 
signal  of  the  50  keV  He  ^-implanted  samples  exceeds  by 
30%  the  signal  of  the  100  keV  He'^^-implanted  .samples 
This  excess  agrees  with  the  corresponding  difference  in 
radiation  damage  density  in  the  energy  deposition  maxi¬ 
mum  calculated  for  the  case  of  50  keV  and  100  keV 
He^  implantation  according  to  ref  [10]  (fig  3)  Fig.  4 
shows  a  TEM  microphotograph  of  the  cross-section  of 
the  100  keV  He^-implanted  sample.  The  surface  ex¬ 
hibits  an  amorphous  region  obtained  by  subsequent  100 
keV  argon  ion  implantation  at  a  dose  ol  1  X  lU'’  cm“ 
The  contrast  and  size  of  the  amorphous  region  served  as 
a  reference  when  estimating  the  damaged  area  upon 
He^  implantation.  It  is  also  seen  that  the  damaged  area 
IS  localized  close  to  the  projected  range  of  1(X)  keV  He 
ions,  i.e ,  at  a  depth  of  0.56  [Jim. 
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4.  Discussion 

The  irradiation  dose  of  5  x  lO'*  ion/cm‘  used  for 
implantation  at  room  temperature  is  optimal  from  the 
viewpoint  of  introducing  the  maximum  number  of  de¬ 
fects  into  silicon  which  does  not  lead  to  irreversible 
changes  in  its  structure.  Yet,  this  dose  is  below  the 
practical  dose  of  the  formation  of  helium-filled  gas 
bubbles  (cavities,  pores)  [11].  It  is  known  [12]  that 
helium  irradiation  at  liquid-nitrogen  temperature  pro¬ 
duces  amorphization  of  silicon  at  the  end  of  the  ion 
projected  range  ( /?p)  even  at  a  dose  of  2  X  10’'“  lon/cm*.- 
According  to  ref.  [13],  this  dose  corresponds  to  the 
number  of  collision-induced  displacements  per  atom 
(dpa)  which  IS  equal  to  1  dpa.  It  is  clear  that  the 
number  of  primary'  point  defects  occurring  in  nuclear 


Fig  Profiles  of  energs  loss  density  for  50  keV  (curve  1)  and 
100  keV  (curve  2)  He'  ions  in  silicon  Implantation  dose 
5  X  10“' cm  ' 


Fig  4  F.lectron  microscopy  niicrophotograph  of  the  cross 
section  of  the  silicon  sample  implanted  with  100  keV  He  ’  ions 
at  d  dose  of  5  x  10''’  cm  ■  at  room  temperature  The  surface 
was  implanted  with  1(X)  keV  Ar*  ions  at  a  dose  of 
1  xlo’'cm  ■’ 


collisions  upon  helium  ion  irradiation  of  silicon  at  room 
temperature  and  a  dose  of  5  x  10''’  lon/cm"  is  at  least 
no  less  than  that  for  the  implantation  conditions  [12] 
However.,  at  room  temperature  the  irradiation  effect  is 
less  pronounced  as  regards  the  amorphous  layer  forma-- 
tion.  Comparison  of  the  RBS  spectra  for  our  irradiation 
conditions  and  those  of  ref.  [12]  .shows  that  at  room 
temperature  and  a  dose  of  5  X  10''’  lon/cm'  the  amount 
of  radiation  damage  accumulated  in  the  sample  corre¬ 
sponds  to  the  number  of  defects  accumulated  in  the 
sample  upon  irradiation  at  liquid-nitrogen  temperature 
and  a  dose  of  6  X  lO'-'  ion/cm".  This  means  that  about 
10^  of  the  defects  generated  by  helium  ion  bombard¬ 
ment  at  room  temperature  are  effective  for  radiation 
damage  accumulation  and  90%  of  the  defects  annihilate 
and  pariially  form  a  defect-background  in  the  crystal 
This  proves  thst  helium  irradiation  of  silicon  generates 
chiefly  simple  point  defects  since  only  the  latter  show 
sufficient  mobility  in  silicon  at  rrxrm  temperature  [14] 
and.  hence.,  may  effectively  annihilate  when  moving  in 
the  crystal. 

Analysis  of  the  RBS  and  ESR  spectra  enables  us  to 
conclude  that  helium  ion  irradiation  of  silicon  undei  the 
foreaoing  conditions  produces  an  unusual  buried 
amorphous  silicon  layer  who.se  properties  are  different 
from  those  of  conventional  amorphous  layers.  First.,  the 
a.s-implanted  amorphous  layer  is  free  of  isotropic' 
paramagnetic  centres  (g  -  2  0055)  Second,  this  layer  is 
very  unstable  as  the  material  is  transformed  even  at 
150°C,..  which  IS  reflected  in  the  RBS  spectra  as  a 
decrease  in  the  hackscattcred  ion  yield  This  pattern  of 
changes  in  the  spectrum  is  greatly  different  from  that 
observed  on  annealing  of  implanted  amorphous  layers 
when  their  thickness  decreases  as  a  result  of  solid  phase 
crystallization  on  two  a-c  interfaces  The  recrystalli/.ed 
regions  in  that  case  are  marked  by  a  high  crystal-struc¬ 
ture  perfection  which  manifests  itself  m  a  decreased 
yield  of  backscattenng  ions 

The  RBS  spectra  observed  in  as-implanted  samples 
and  then  behaviour  on  annealing  as  well  as  the  ap¬ 
pearance  of  the  hSR  spectra  suggest  the  following  model 
of  the  structure  of  the  damaged  layer  and  its  changes  on 
annealing 

Ion  irradiation  produces  a  damaged  layer  at  the 
depth  of  the  helium  projected  range  The  structure  of 
the  layer  is  amorphous  from  the  standpoint  of  ion 
backscattenng  The  atomic'  structure  of  amorphous  sili-- 
con  IS  known  tc  dii.cr  depending  on  the  annealing 
temperature  [12.15].  the  mass  of  the  amorphiz.ation-pro- 
ducing  lonv  [16]  and  the  substrate  temperature  during 
vacuum  deposition  of  the  amorphous  layer  [17).  In  this 
case  It  should  be  assumed  that  the  layer  is  inhomoge¬ 
neous  and  contains  fully  and  partially  damaged  regions 
(see  fig.  5)  The  structure  of  both  region.v  i.v  rearranged 
with  an  increase  in  temperature  accompanied  with  in¬ 
creasing  mobility  of  defects  For  instance,  in  amorphous 
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Fig  5  Schematic  diagram  of  the  silicon  region  obtained  by  100 
keV  He*  ion  implantation  at  a  dose  of  5xl0'*’cm  ‘’  and  its 
evolution  on  annealing 


regions  the  defects  migrate  and  sink  to  the  a-c  interface 
which  leads  to  the  induced  crystallization  of  the 
amorphous  regions  of  the  damaged  layer  [4]  This  re¬ 
duces  the  amount  of  the  amorphous  material  in  the 
layer  The  process  proceeds  in  the  whole  volume  of  the 
damaged  layer  and  in  the  RBS  spectra  it  shows  up  as  a 
decrease  m  the  backscattered  ion  yield  throughout  the 
whole  damaged  layer  Such  an  a-c  transition  appears  to 
be  feasible  even  at  temperatures  close  to  room  tempera¬ 
ture  and  in  this  respect  it  is  analogous  to  the  known 
processes  of  k  ti  beam-induced  epitaxial  growth  (IBIEG) 
[i:-!]  Obviously,  in  the  case  under  consideration  the 
conditions  for  realizing  an  a-c  transition  are  similar  to 
lho.se  for  IBIEG  Indeed,  the  concentration  of  defects  in 
the  amorphous  regions  should  be  comparable  to  their 
concentration  in  the  amorphous  phase  during  IBIEG. 
The  interface  is  fairly  long  whilst  the  diffusion  distances 
are  small,  i.e.,  the  defect-flux  onto  the  a-c  interface  is 
likely  to  be  substantial 

Escape  of  defects  from  the  amorphous  regions  causes 
rearrangement  of  the  atomic  structure  Annealing  at 
200  °C  produces  an  amorphous  structure  incorporating 
isotropic  paramagnetic  centres  with  g  =  2.0055  A  simi¬ 
lar  effect  was  observed  for  the  same  doses  of  He  *  ions 
implantation  of  silicon  [19].  The  number  of  ;<ira- 
magnetic  centres  in  the  matenal  increases  up  to  3C0°C 
and  then  decreases  This  decrease  in  paramagnetic  centre 
concentration  at  T  >  300  °  C  may  occur  as  a  con.se- 
of  two  process?**'  (3)  3  decresse  of  the  I0I3! 
share  of  amorphous  regions  in  the  layer  as  a  lesult  of 
the  a-c  transition;  (b)  the  annealing  of  paramagnetic' 
centres  (i  e...  further  rearrangement  of  the  structure  of 
amorphous  regions)  typical  of  this  temperature  range 
[20,21].  Relaxation  of  amorphous  material  structure  with 
increasing  temperature  is  an  established  experimental 


fact  [12,15].  For  instance,  in  ref.  [12]  anomalies  were 
observed  in  defect-structure  relaxation  when  annealing 
silicon  crystal  regions  from  180  to  400  °C  in  which  the 
degree  of  He'^-irradiation-induced  damage  was  close  to 
the  amorphous  state,  but  did  not  reach  it.  This  tempera¬ 
ture  range  coincides  with  that  revealed  in  the  present 
work  when  the  samples  exhibit  the  ESR  signal.  In  ref. 
[12]  it  was  suggested  that  the  effect  observed  might  be 
eaused  by  the  recrystallization  of  small  amorphous  zones 
in  the  heavily  damaged  crystal  material. 

This  conclusion  is  confirmed  by  the  following  esti¬ 
mates.  In  refs.  [12,15]  it  was  shown  that  mobile  defects 
are  characteristic  of  the  amorphous  silicon  structure. 
They  are  completely  annealed  at  500  °  C  for  45  min,  the 
matenal  remaining  in  the  amorphous  “well-relaxed” 
state.  Repeated  He  "^-irradiation  of  relaxed  amorphous 
silicon  at  a  dose  of  >  0.03  dpa  brings  it  back  to  the 
initial  state  characteristic  of  the  as-implanted  sample 
Let  the  He*"  ion  irradiation  of  amorphous  silicon  in-, 
duce  mainly  simple  point  defects.  Then,  as  an  upper 
estimate,  we  may  assume  that  the  irradiation  dose  indi¬ 
cated  generates  3  X  10"'^  X  5  X  10‘^  =  1  5  X  10^'  de- 
fects/cm^  Assuming  also  that  occurrence  of  a  single 
mtnnsic  point  delect  on  the  a-c  interface  stimulates 
rearrangement  of  -  30  atoms  of  the  amorphous  phase 
into  a  cry'stal..  it  is  clear  that  the  number  of  defects 
stored  in  the  amorphous  regions  is  sufficient  for  recrys- 
tallization  of  the  greater  part  of  the  amorphous  silicon 
into  a  crystal  Thus,  when  the  a-C  system  is  not  under 
lon-irradiation  conditions,  point-defect  enhanced  a-c 
transition  can  be  realized  at  low'  temperatures 


5.  Conclusion 

He"^  ion  irradiation  of  silicon  at  room  temperature 
at  a  do.se  of  5X10'*'  cm  "  leads  to  formation  of  a 
buried  amorphous  layer  at  the  depth  of  the  maximum 
damage  distribution 

The  structure  of  the  amorphous  layer  is  not  homoge¬ 
neous  It  incorporates  amorphous  silicon  regions  and 
heavily  damaged  crystalline  silicon  The  structure  of  the 
amorphous  silicon  regions  is  charactenzed  by  the  ab- 
senee  of  the  isotropic  paramagnetic  centres.  Annealing 
of  samples  with  a  buried  amorphous  laver  results  in 
epnauial  recrystallization  of  the  amorphous  regions  on 
the  a~c  interfaces  at  abnormally  low  temperatures  150- 
400 °C.  In  this  ca.se  the  a-c  transition  is  enhanced  hv 
the  flov  of  defects  from  the  bulk  of  the  amorphous 
regions  "'nto  the  3  c  interfsce  t-sciipe  of  defects  from 
the  amorphous  regions  is  accompanied  by  the  re- 
■irrangement  of  the  amorphous  structure  and  the  occur¬ 
rence  of  isotropic  paramagnetic  centres  As  annealing 
temperature  increases  above  300  the  amount  of  the 
amorphous  pha.se  decrea.ses  at  the  expense  of  the  a  c 
transition  which  is  followed  by  a  decrease  in  the  num- 
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ber  of  paramagnetic  centres  in  the  sample.  At  400- 
450  °  C  the  a-c  transition  is  completed. 
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Electrical  activation  process  of  erbium  implanted  in  silicon  and  SIMOX 

Y.S.  Tang  '  and  B.J.  Sealy 

Department  of  Electrons  and  Electrical  Engineertng,  UntcersilY  of  Surrey,  Guildford,  Surrey  GU2  5XH,  UK 


The  electrical  activation  mechanism  of  erbium  implanted  in  silicon  and  SIMOX  (separation  by  implanted  oxygen)  following 
different  annealing  processes  is  studied  by  using  the  Van  der  Pauw  technique  in  combination  with  photoluminescence  and 
Rutherford  backscattenng  angular  scanning  measurements  The  results  show  that  the  activation  of  the  erbium  is  related  to  the  lattice 
configuration  In  the  case  of  conventional  furnace  annealing,  the  activation  corresponds  to  an  occupation  of  erbium  on  substitutional 
lattice  sites,  but  in  the  case  of  rapid  thermal  annealing,  it  corresponds  to  the  occupancy  of  both  interstitial  with  a  tetrahedral  (Td) 
symmetry  and  .substitutional  lattice  sites.  The  transfer  of  interstitial  erbium  to  substitutional  sites  corresponds  to  an  electrical 
deactivation  process  due  to  partial  compensation  of  the  n-type  and  p-type  earners  produced  by  the  two  different  electrically  active 
erbium  sites 


1.  Introduction 

The  rare  earth  element  erbium  implanted  in  semi¬ 
conductors  such  as  silicon  and  II I- V  compounds  has 
been  extensively  studied  by  several  groups  [l-ll]  due  to 
Its  promising  applications  m  optical  fibre  telecommuni¬ 
cations  engineering.  Most  of  the  studies  have  con¬ 
centrated  on  the  luminescence  and  structural  configura¬ 
tions  of  the  erbium.  It  was  found  that  sharp  lumines¬ 
cence  peaks  r'^sulting  from  the  internal  transitions  be¬ 
tween  the  weakly  crystal  field  split  spin-orbit  levels 
“l,,,;-* ‘*1,5/2  of  ions  were  observed,  which  are 
independent  of  the  substrates  and  environmental  tem¬ 
perature.  and  are  only  decided  by  the  lattice  positions 
of  Er**  ions  in  the  host  materials.  For  erbium  im¬ 
planted  in  silicon,  we  reported  tr.e  isotopic  effect  of  St 
on  the  luminescence  properties  of  the  erbium  implants 
[6]  and  found  that  the  preferential  lattice  sites  of  erbium 
in  silicon  are  those  having  tetrahedral  symmetry  [7],  but 
it  IS  very  difficult  to  keep  the  erbium  from  escaping  to 
the  sample  surface  due  to  its  limited  solid  solubility, 
which  restricts  the  luminescence  efficiency  of  this  kind 
of  material.  To  solve  this  problem,  we  studied  erbium 
implanted  in  silicon-on-irsulator  (SOI)  made  by  a  sep-. 
aration-by-implanted-oxygen  (SIMOX)  technique  [9,10], 
It  is  expected  that  the  radiation  damage  in  the  silicon 
overlayer  of  the  SIMOX  material  will  trap  the  erbium 
atoms  and  reduce  the  amount  of  out-dif fusion  com¬ 
pared  with  results  from  conventional  silicon  wafers.  The 
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studies  on  the  luminescence  and  regrowth  of  the  im- 
plantation-induced  amorphous  silicon  overlayer  show 
that  this  is  indeed  an  effective  way  to  avoid  erbium 
out-diffusion  and  to  enhance  the  luminescence  ef¬ 
ficiency  of  the  material.  In  this  paper,,  we  report  the 
electrical  activation  process  of  erbium  implanted  in 
silicon  and  SIMOX  following  different  annealing 
processes  by  using  the  Van  der  Pauw  technique  in 
combination  with  photoluminescence  and  Rutherford 
backscattenng  angular  scanning  measurements.  The 
activation  mechanism  is  also  discussed  in  detail  in  the 
text 


2.  Experimental  details 

The  samples  were  prepared  by  250  keV  ''’*’Er^  im¬ 
planted  in  both  bulk  silicon  and  the  silicon  overlayer  of 
a  SIMOX  structure  with  a  projected  range  of  about  90 
nm.  The  doses  were  between  lO'*  and  lO"  cm  "  To 
activate  the  implants,  the  samples  were  annealed  in  a 
temperature  range  of  600  to  1100°C  in  a  dry  nitrogen 
atmosphere.  During  the  annealing  process,  both  con¬ 
ventional  furnace  annealing  (FA)  and  rapid  thermal 
annealing  (RTA)  using  a  graphite  strip  heater  were 
employed. 

To  measure  the  electrical  activation  process  of  the 
erbium  implants,  the  Van  der  Pauw  technique  was  used. 
Both  photolummescence  and  Rutherfoid  baekscattcring 
angular  scanning  were  utili.’.ed  to  determine  the  lattice 
configuration  related  tc  the  activation  mechanism  of  the 
erbium  implanted  in  the  above  samples.  A  detailed 
description  of  the  measurements  has  been  published 
elsewhere  [7-9]. 
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3.  Results  and  discussion 

As  reported  before  [7],  the  number  and  energies  of 
the  photoluminescence  peaks  of  erbium  implanted  sdi- 
con  and  related  materials  reflect  the  structural  symmet¬ 
ric  information  of  Er^^  ions  in  the  silicon  lattice.  When 
the  erbium  ions  occupy  tetrahedral  symmetric  lattice 
sites  (substitutional  or  interstitial),  five  distinct  lumines¬ 
cence  peak-  can  be  observed,  while  erbium  ions  which 
occupy  lattice  sites  having  lower  symmetry  give  rise  to 
eight  luminescence  peaks.  In  the  first  case,  the  most 
inte.ise  peak  locates  at  about  1.538  |jim.  while  in  the 
latter  case,  at  1.541  pim.  These  results  were  confirmed 
by  further  Rutherford  backscattenng  angular  scanning 
measurements  [8].  For  those  samples  with  five  distinct 
luminescence  peaks,  it  was  found  that  most  of  the 
erbium  atoms  occupy  substitutional  lattice  sites  when 
annealed  in  a  conventional  furnace  at  a  relatively  high 
temperature.  However,  the  erbium  atoms  locate  at  inter¬ 
stitial  sites  having  tetrahedral  symmetry  when  rapid 
thermal  annealing  was  applied.  At  lower  annealing  tem¬ 
peratures,  the  erbium  implants  are  randomly  located 
and  they  are  independent  of  the  annealing  method  used. 

The  above  discussion  has  concentrated  on  the  silicon 
samples  for  which  a  combination  of  both  photolumines- 
cence  and  Rutherford  backscattenng  angular  scanning 
techniques  was  used  to  determine  the  lattice  locations  of 
the  erbium  ions  in  the  host  matenal  [8],  In  the  follow¬ 
ing.  we  choose  erbium-implanted  SIMOX  to  study  the 
electrical  activation  process  and  its  structural  configura¬ 
tion  related  activation  mechanism. 

As  shown  in  fig.  U  for  the  samples  annealed  in  a 
conventional  furnace  for  30  min,  the  sheet  resistance 
gradually  decreased  with  increasing  annealing  tempera¬ 
ture  and  then  remained  at  a  constant  value  in  the 
temperature  range  of  600- 1000  °C,  which  corresponds 
to  an  electncal  activation  of  the  implanted  erbium.  In 


Fig  1  The  furnace  annealing  temperature  dependence  of  sheet 
resistance  for  erbium-implanted  SIMOX  structures 


Fig.  2.  The  relationship  between  sheet  resistance  and  the 
annealing  temperature  for  the  rapid  thermal  annealed  erbium- 
implanted  SIMOX  samples 


the  photoluminescence  measurements  on  the  same  sam¬ 
ples.  we  find  that  the  most  intense  peak  locates  at  1.538 
pm  when  the  annealing  temperature  is  above  600 °C 
while  It  IS  shifted  to  1.541  pm  when  the  annealing 
temperature  is  below  600  °C,.  which  means  that  the 
erbium  implants  occupy  random  positions  at  first  and 
then  move  to  thermally  more  stabilized  tetrahedral  sym¬ 
metric  sites  as  the  annealing  temperature  rises.  Similar 
to  that  reported  in  ref.  [8],  Rutherford  backscattenng 
angular  scanning  measurements  suggest  that  these  tetra¬ 
hedral  symmetric  lattice  sites  are  substitutional  rather 
than  interstitial. 

Fig.  2  shows  the  relationship  between  the  sheet  resis¬ 
tance  and  the  rapid  thermal  annealing  temperature  for 
10  s  anneals.  With  increasing  annealing  temperature, 
the  sheet  resistance  decreases  to  a  minimum  at  about 
750  °C.  and  then  goes  through  to  a  maximum  before 
decreasing  again.  Obviously,  the  increase  in  sheet  resis¬ 
tance  corresponds  to  an  electrical  deactivation  process 
What  IS  interesting  is  that  during  the  photoiumines- 
cence  measurements,  this  deactivation  region  corre¬ 
sponds  to  the  appearance  of  both  the  1.538  and  the 
1.541  pm  peak,  which  indicates  that  the  erbium  im¬ 
plants  occupy  both  tetrahedral  and  lower  symmetric 
lattice  sites  (or  random  locations)  in  the  silicon  over¬ 
layer  in  SIMOX  structures,  while  on  both  '.toes  of  the 
region,  only  one  luminescence  peak  (1.538  pm)  was 
observed,  which,  according  to  what  we  discussed  above, 
represents  an  occupation  of  the  erbium  on  substitu¬ 
tional  or  interstitial  lattii  e  sites  having  tetrahedral  sym¬ 
metry.  According  to  further  Rutherford  backscattenng 
angular  scanning  measurements  on  those  samples,  it 
was  found  that  on  the  lower  annealing  temperature  side 
of  this  deactivation  region,  the  activation  is  due  to  the 
occupation  of  most  of  the  erbium  implants  on  the 
interstitial  lattice  sites,  but  on  the  other  side  of  the 
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region,  the  reactivation  process  is  associated  with  the 
erbium  occupying  more  stable  substitutional  lattice  sites. 

Based  on  the  above  discussion,  we  find  a  correlation 
between  the  electrical  activation  and  lattice  configura¬ 
tion  of  the  implanted  erbium  through  using  a  combina¬ 
tion  of  photoluminescence  and  Rutherford  backscatter- 
ing  angular  scanning  measurements,  which  suggests  one 
kind  of  special  electrical  activation  mechanism  for  the 
erbium-implanted  silicon  and  related  materials.  We  ex¬ 
plain  the  experimentally  obser/ed  results  as  follows; 

In  conventional  furnace  annealing,  the  electrical 
activation  of  the  implanted  erbium  means,  as  usual,  the 
occupation  of  the  implanted  atoms  on  substitutional 
lattice  sites;  but  m  the  case  of  rapid  thermal  annealing, 
the  situation  is  different  from  what  happened  in  the 
furnace  annealing  case.  With  increasing  rapid  thermal 
annealing  temperature,  most  of  the  rand'^mly  located 
erbium  atoms  will  firstly  be  activated  to  interstitial  sites 
with  tetrahedral  symmetry,  which  corresponds  to  the 
first  sheet  resistance  valley  in  fig.  2,  and  act  as  donors  in 
the  matenal,  but  the  energy  transfer  is  still  not  enough 
to  place  most  of  the  implants  on  to  the  thermally  more 
stable  substitutional  lattice  sites.  With  a  further  increase 
in  the  annealing  temperature,  the  erbium  on  the  rela¬ 
tively  unstable  interstitial  lattice  sites  will  be  shifted  to 
the  most  stable  sites,  i.e.  substitut.onal  lattice  sites, 
where  the  implants  act  as  acceptors  [2]  and  are  electri¬ 
cally  activated  again.  The  transfer  of  the  interstitial 
erbium  with  tetrahedral  symmetry  to  substitutional 
lattice  si'es  corresponds  to  an  unusual  deactivation 
process  in  the  sheet  resistance  measurements  and  is  just 
a  compensation  effect,  as  shown  in  fig.  2 

A  similar  process  was  also  observed  in  erbium-im¬ 
planted  silicon  samples  following  similar  annealing 
treatments. 


4.  Conclusion 

In  conclusion,  we  report  a  study  on  the  electrical 
activation  process  of  erbium  implanted  in  silicon  and 


SIMOX  structures.  It  was  found  that  the  electrical 
activation  mechanism  for  erbium-implanted  silicon  and 
related  materials  is  related  to  the  structural  configura¬ 
tion.  The  electrial  activation  of  the  erbium  corresponds 
to  an  occupation  of  the  implants  on  tetrahedral  sym¬ 
metric  lattice  sites  (both  substitutional  and  interstitial); 
and  the  transfer  of  the  erbium  from  tetrahedral  intersti¬ 
tial  sites  to  substitutional  ones  is  just  a  donor-to-accep- 
tor  transition  process  and  corresponds  to  a  deactivation 
process  m  the  electrical  activation  measurements. 
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Isotope  effects  for  ion-implantation  profiles  in  silicon 

B.G.  Svensson  and  B.  Mohadjeri 
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Isotope  shifts  of  ton-implantation  profiles  for  *Li  and  ’Li.  '‘’B  and  "B,  '*’0  and  '*0.  and  "*’Sn  and  ’’‘'Sn  in  silicon  have  been 
investigated  at  energies  between  10  and  400  keV.  Monte  Carlo  simulations  as  well  as  numerical  calculations  applying  Boltzmann's 
transport  equation  yield  a  reverse  isotope  shift  at  high  enough  energies,  i  e  ,  the  implantation  energy  of  the  heavier  isotope  should  be 
lower  than  that  of  the  lighter  one  to  obtain  identical  depth  profiles  This  effect  is  attributed  to  a  larger  electronic  stopping  cross 
section  Sj  for  the  lighter  isotope  at  a  given  energy  m  the  range  where  is  roughly  proportional  to  the  ion  velocity  v  and  dominates 
the  slowing-down  process.  Moreover,  also  at  low  enough  energies  where  the  stopping  is  predominantly  nuclear  and  screening  effects 
are  important,  a  small  reverse  isotope  shift  is  predicted  since  the  nuclear  stopping  cross  section  S„  is  approximately  proportional  to 
r"  with  a  >  0  for  energies  below  the  maximum  of  S„  Experimental  support  for  the  theoretical  predictions  is  provided  by  range  data 
for  Li  and  B  obtained  by  secondary-ion  mass  spectrometry  (SIMS).  SIMS  has  p.oven  to  be  a  suitable  analysts  technique  with  respect 
to  isotope  effects  because  of  its  good  depth  and  mass  resolution,  and  a  reverse  isotope  shift  is  clearly  resolved  for  both  Li  and  B  at 
energies  above  100  keV 


1.  Introduction 

Implantation  of  tsotope  tons  of  the  same  element  is 
frequently  used  tn  various  types  of  expertments,  eg., 
diffusion  mechanism  studies,  identification  of 
impurity-related  point  defects,  and  analysis  of  impurity 
distributions  and  buried  layers  by  nuclear-resonance 
techniques.  In  order  to  produce  identical  as-implanted 
isotope  depth  profiles  the  implantation  energy  is  nor¬ 
mally  adjusted  in  such  a  way  that  the  value  of  keV  per 
atomic  mass  unit  (amu)  of  the  projectiles  is  kept  con-: 
stant.  However,  in  the  energy  range  where  electronic 
stopping  dominates  the  slowing-down  process  and  the 
corresponding  stopping  cross  section  5^  is  roughly  pro¬ 
portional  to  the  ion  velocity  r  the  implantation  energy 
of  the  heavy  isotope  should  be  reduced  in  companson 
with  that  of  the  light  isotope  (not  increased  as  suggested 
by  a  constant  value  of  keV/amu)  in  order  to  obtain 
identical  depth  distributions  At  a  given  bombardment 
energy  £,.  the  velocity  v  of  the  heavy  isotope  is  lower 
than  that  of  the  light  one,  and  consequently,  the  heavy 
projectile  penetrates  further  and  exhibits  a  deeper  pro¬ 
file. 

Some  controversy  has  existed  in  the  literature  about 
the  isotope  shift  of  the  experimental  depth  profiles  for 
and  "b^  ions:  Ohmura  and  Koike  [1]  applied 
capacitance- voltage  (C-K)  measurements  for  analysis 
of  the  profiles  and  despite  a  considerable  scatter  in  their 
data,  they  concluded  that  the  '"B  distributions  were 
shallower  than  those  of  "B.  Vaidyanathan  et  al.  [2] 
argued,  however,  that  the  accuracy  of  the  C-  k'  data  in 
ref.  [1]  was  not  sufficient  to  properly  distinguish  be¬ 


tween  the  differences  in  projected  range  £p  of  the 
profiles.  They  claimed  that  the  observed  separation  was 
well  within  the  experimental  error  introduced  by  the 
uncertainties  m  the  metallization  area  and  by  the  zero- 
Debye-length  approximation.  Ryssel  et  al.  [3]  compared 
the  ranges  measured  by  the  ’“B(n,  a)’Li  reaction  with 
that  obtained  from  Hall-effect  and  sheet-resistivity  mea¬ 
surements  for  '"b  and  "B;  the  range  and  straggling 
data  were  identical  for  the  two  i.sotopes  Thus  the  re¬ 
sults  from  these  electrical  studies  are  contradictory, 
suggesting  that  the  depth  resolution  is  too  poor  to  make 
any  definite  conclusions,  and  methods  with  better  reso¬ 
lution  are  required  [2].  Secondr,ry-ion  mass  spectrome¬ 
try  (SIMS)  has  recently  been  demonstrated  to  be  highly 
applicable  for  this  purpose,  and  a  reverse  isotope  effect 
was  clearly  resolved  for  '”B  and  ’’B  at  energies  above 
100  keV  [4.5].  Projected  range  values  extracted  from  the 
measured  profiles  were  compared  with  calculations,  and 
the  experimental  isotope  shift  showed  reasonable  agree¬ 
ment  with  the  theoretical  predictions  [5] 

In  this  work,,  calculations  of  the  isotope  shift  have 
been  earned  out  for  a  variety  of  dopant  and  impurity 
elements  encountered  m  silicon  technology,  e.g ,  *Li  and 
’Ll,  '"b  and  "b,  '^O  and  "*0  and  "'’Sn  and  ”^Sn  Two 
types  of  calculations  have  been  performed;  Monte  Carlo 
simulations  using  the  transport  of  ions  in  matter  (TRIM) 
code  originally  developed  by  Biersack  and  Haggmark 
[6]  and  a  numerical  solution  derived  from  Boltzmann’s 
transport  equation.  Experimental  support  for  the  valid¬ 
ity  of  the  theoretical  results  is  provided  by  SIMS  data 
for  lithium  and  boron  implantation  profiles.  The 
numerical  values  for  the  shift  are  presented  in  the  form 
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of  graphs  and  can  be  used  by  other  authors  in  order  to 
obtain  identical  as-implanted  isotope  depth  profiles. 


2.  Calculations 

Two  sets  of  range  calculations  were  performed: 

(i)  Monte  Carlo  simulations  were  carried  out  utilizing 
the  TRIM  code  originally  compiled  by  Biersack  and 
Haggmark  [6]  (version-89).  More  than  15000  runs 
(ions)  were  undertaken  for  every  profile  to  obtain 
good  statistics,  and  a  displacement  energy  threshold 
of  13  eV  was  assumed. 

(ii)  On  the  basis  of  transport  theory  Lindhard  et  al.  [7] 
derived  an  equation  for  the  spatial  averages  (mo¬ 
ments)  of  the  ion  depth  distribution.  This  equation 
generally  has  to  be  solved  numerically,  and  we 
applied  a  modified  version  of  the  computer  code 
COREL,  originally  written  by  Brice  [8].  The  elastic 
interaction  was  described  by  the  differential  scatter¬ 
ing  cross  section  according  to  Wilson,  Haggmark 
and  Biersack  [9]  (WHB-77).  A  velocity-proportional 
electronic  stopping  cross  section  was  assumed; 
the  proportionality  constant  k  was  considered  as  a 
fitting  parameter  with  respect  to  experimental  range 
data  for  the  studied  ions 


3.  Experiment 

Czochralski  silicon  samples  grown  in  the  (111)  di¬ 
rection  and  doped  with  phosphorus  (3  Q  cm)  were  im¬ 
planted  with  lithium  or  boron  ions  to  a  dose  of  1  X  lO'^ 
cm or  2  X  lO*'*  cm”',  respectively.  Implantation  en¬ 
ergies  in  the  range  of  50  to  250  keV  were  used,  and  the 
samples  were  sequentially  bombarded  with  ^Li*  and 
*Li*  ions  or  ’’B”*  and  '®B^  ions.  The  implantations 
were  carried  out  at  nominal  room  temperature;  a  low 
lon-current  density  was  used  (:^1  ^A/cm^)  to  avoid 
beam-heating  effects,  and  the  samples  were  tilted  7° 
with  respect  to  perpendicular  incidence  to  diminish  the 
influence  of  channeling 

SIMS  analysis  of  the  implanted  distributions  was 
performed  by  a  Cameca  IMS  4f  microanalyzer.  A 
primary  beam  of  ions  with  a  net  impact  energy  of 
8  keV  and  an  angle  of  incidence  of  39  °  (with  respect  to 
perpendicular  incidence)  was  rastered  over  an  area  with 
a  size  of  300  X  300  pm^.,  Positive  secondary  ions  were 
collected  from  the  central  region  of  the  sputtered  crater, 
and  the  diameter  of  the  analysed  area  was  60  pm.  The 
erosion  rate  during  profiling  was  ~  10  A/s;  the  crater 
depths  were  measured  by  an  Alpha  step  200  stylus 
profilometer. 


4.  Results 

Fig.  1  shows  the  measured  depth  profiles  of  *Li  and 
^Li  for  an  implantation  energy  of  250  keV;  a  shift 
between  the  two  distributions  is  clearly  resolved,  and 
the  ^Li  profile  has  its  peak  at  ~  0.94  pm  versus  ~  1.00 
pm  for^Li,  i.e.,  the  lighter  isotope  occurs  at  shallower 
depths.  In  this  context  it  must  be  pointed  out  that  Li 
diffuses  rapidly  in  crystalline  silicon  [10],  but  no  effects 
on  the  recorded  distributions  were  observed.  The  im¬ 
planted  region  is  damaged  to  a  certain  extent,  and  the 
interaction  of  Li  with  defects  in  the  silicon  lattice  re¬ 
duces  the  diffusion  rate  by  several  orders  of  magnitude 
(lOj. 
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Depth  (pm) 

Fig  1  SIMS-measured  depth  distnbutions  of  '’Ll  and  ’Li  in 
silicon  The  implantations  were  performed  using  an  energy  of 
250  keV  and  a  dose  of  1  X  lO'"'  cm”^. 
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Fig  2  SIMS-measured  depth  distributions  of  and  "b  in 
silicon  The  implantations  were  performed  using  an  energy  of 
250  keV  and  a  dose  of  2  X 10'“'  cm  ”  ^ 
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r-ig  3  (a)  The  ratio  £(  Yi)//;(''Li)  for  profiles  with  identical  projected  range  as  a  function  of  the  implantation  energy  for  ^Li  Hrror 
bars  on  the  SIMS  data  indicate  a  relative  accuracy  ol  1%  (b)  The  ratio  £('’B)/£'(’'’B)  for  profiles  with  identical  projected  range  as  a 
function  of  the  implantation  energy  for  ’"B  Error  bars  on  the  SIMS  data  indicate  a  relative  accuracy  of  IT  (c)  The  ratio 
for  profiles  with  identical  projected  range  as  a  function  of  the  implantation  energy  for  "’O  (d)  The  ratio 
E{‘'^Sn)/E("*’Sn)  for  profiles  with  identical  projected  range  as  a  function  ol  the  implantation  energy  for  "'’Sn 


In  ftg.  2  similar  data  a'e  presented  for  250  keV  200  keV,.  TRIM-89  yields  larger  values  than  the  trans¬ 
boron  tons  [5];  the  '®B  profile  has  its  maximum  at  port  calculations  while  the  opposite  holds  above  200 

-  0.69  pm  versus  -  0  72  pm  for  ’’B.  keV  In  the  transport  calculations  k  wa.'  put  equal  to 

In  fig.  3a  the  'atio  ECLi)/E(''Lt)  is  plotted  as  a  which  was  found  to  give  a  rea.sonable  agreement 

function  of  £'('’Li)  for  isotope  profiles  with  identical  with  the  absolute  /<p-values  extracted  from  the  SIMS 
projected  range  R^.  The  expenmental  values  obtained  distributions;  denotes  the  estimate  given  by  Lind- 
bj  SIMS  are  compared  wtth  results  from  the  two  .sets  of  hard  and  Scharff  [11]. 

computations  which  show  a  decrease  with  increasing  In  fig.  3b  an  analogous  plot  is  given  for  boron,  using 

energy.  At  fl^Li^  =  200  keV  both  calculations  predict  a  k  =  1.3^[  in  the  transport  calculations.  £'(’'B)/£'(’*’B) 

reduction  of  £(’Li)  by  -8%  (184  keV)  in  order  to  is  higher  than  the  corresponding  values  for  Li  but  shows 

obtain  profiles  with  equal  Rp.  However,  for  Ef^Li)  <  a  similar  energy  dependence  with  a  correction  of  -  4% 
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at  250  keV.  Also  for  boron.  TRIM-89  predicts  a  rela¬ 
tively  weak  decrease  at  low  energies  (<150  keV)  but  a 
more  pronounced  effect  at  higher  energies. 

For  oxygen  the  two  sets  of  calculations  give  essen¬ 
tially  identical  results,  fig  3c.  and  also  the  difference 
between  the  elastic  interaction  potentials  according  to 
Lindhard  et  al.  [12]  (Thomas  Fermi  (TF)  model)  and 
WHB  [9]  IS  found  to  play  only  a  minor  role.  The  ratio 
£('’‘’Sn)/£("'’Sn)  depends,  however,  more  strongly  on 
the  nuclear  stopping  cross  section  S„  and  is  shifted  to 
somewhat  higher  values  by  the  larger  interaction 
according  to  the  TF  mode),  fig  3d.  Moreover.,  in  con- 
tra^t  to  the  previous  results  in  figs.  3a-c.  £('^"'Sn)/ 
£("*’Sn)  increases  with  energy  and  is  close  to  1  at  40) 
keV  For  both  O  and  Sn,  /,  was  pul  equal  to  in  toe 
transport  calculations 

5.  Discussion  and  conclusions 

A  reverse  isotope  shift  of  the  experimental  depth 
profiles  for  l.i  and  B  is  clearly  resolved  at  250  keV.  i  c,. 
the  lighter  isotope  exhibits  a  shallower  profile  In  ordei 
to  eliminate  anv  artifacts  because  of  erosion  rate  varia¬ 
tions  during  profiling,  limited  accuracy  of  crater-depth 
determination  and  sequential  registration  with  respect 
to  sputtering-iime  results  from  three  different  measure¬ 
ments  were  compared  In  the  first  run  both  isotopes 
(*'Li  and  Li  or  '"B  and  "B)  were  recorded  while  in  the 
second  and  third  runs  onlv  one  single  isotope  was 
monitored  The  absolute  range  values  extracted  from 
the  corresponding  profiles  are  identical  within  le...s  than 
I'f.  and  SIMS  is  concluded  to  be  a  suitable  technique 
with  a  high  enough  depth  resolution  to  resolve  relative 
isotope  shifts  in  Rp  larger  than  'I*?.  A  detailed 
discussion  ol  the  requirements  fur  accurate  SIMS  analy¬ 
sis  and  the  possible  role  of  mass  fractionation,  sputter-- 
ina-induced  profile  broadenme  and  shift,  etc..-  is  given 
in  refs.  [4.5] 

A  channeling  tail  was  observed  in  some  samples,  the 
tail  occurred  at  about  two  orders  of  magnitude  below 
the  peak  concentration  and  did  not  significantly  in¬ 
fluence  the  /(p-values  utilized  in  figs.  3a-b.  However, 
for  the  higher-order  moments  an  increa.sing  influence 
was  found,  and  for  a  proper  determination  of  the  skew¬ 
ness.  kurlosis.  etc...  amorphous  samples  are  required. 

The  values  of  £(''Li)/£('’Li)  and  £("B)/£("’B), 
deduced  from  the  SIMS  data  to  obtain  profiles  with 
identical  show  a  reasonable  agreement  with  tho.se 
estimated  by  the  theoretical  models,  figs  3a.  b  Both 
sets  ol  calculations  predict  a  decreasing  ratio  with  in¬ 
creasing  implantation  energy  for  Li.  B  and  O  For  the.se 
ions  electronic  stopping  dominates,  and  the  calculated 
ratio  decrea.ses  with  eneigy  becau.se  of  the  increasing 
relative  importance  of  S^..  which  is  roughly  proportional 
to  the  ion  velocity  r  At  a  given  bombardment  energy  r 


(heavy  isotope)  <  /’(light  isotope)  and  consequently  the 
energy  of  the  heavy  isotope  ion  should  be  reduced.  If 
IS  neglected  and  5],  =  Ac'’  an  asymptotic'  value  of 
's  predicted  for  £(heavy)/ 
£(light).  i.e...  6/7..  10/1!  and  16/18  for  Li.  B  and  O. 
respectively,,  if  p=  \  {M  denotes  the  ion  mass)  The 
TRIM  results  for  Li  and  B  .suggest  a  more  linear  de¬ 
crease  of  the  energy  ratios  than  that  extracted  from  the 
transport  calculations,  this  is  due  to  different  estimates 
of  S,.  as  a  function  of  £.  TRIM-89  assumes  a  non-veloc- 
ity-proportional  dependence,  and  in  particular,,  the  ratio 
iy.flightl/i'^fheavy)  vanes  with  £;  it  is  smaller  than 
,(^hcasv/''^iight)'''  at  'iw  energies  (<1.50  keV)  and 
larger  at  high  energies 

For  the  Sn  ions  the  stopping  is  predominantly  nuclear 
in  the  studied  energy  range,  and  .9,,  has  its  maximum  at 
£  ~-  160  keV,,  the  relative  contribution  of  S[.  to  the  total 
slopping  cross  section  is  only  ~  20%  at  400  keV.  The 
ratio  £('"‘’Sn)/£("'’Sn)  increases  with  energy  and  be¬ 
comes  gradually  larger  than  1,  as  expected  when  an 
unscreened  Coulomb  interaction  dominates  However,, 
screening  is  important  at  low  energies,  and  as  a  result,  a 
ratio  smaller  than  1  occurs  If  A/,„„  »  it  can 

be  shown  that  .9,,  is  proportional  to  c’  where  m  is 
the  exponent  in  the  power  approximation  of  the  screen¬ 
ing  function  [12.13].  For  energies  below  the  maximum 
of  .9„.,  Ill  <  ;..  and  thus  a  reverse  isotope  shift  holds  in 
this  regime  At  higli  enough  energies  where  Rutherford 
scattering  takes  place,  m  =  1  and  the  sign  of  the  result¬ 
ing  i.sotope  shift  is  determined  by  the  relative  influence 
of  .9,,  versus 

The  numerical  values  given  in  figs  ,3a -d  can,,  hope¬ 
fully..  be  used  by  other  authors  if  isotope  profiles  with 
identical  are  desired  Finally,,  it  should  be  pointed 
out  that  both  sets  of  calculations  used  here  a  e  based  on 
theoretical  models  containing  a  number  of  inherent 
approximations;  e  g ,.  binary  collisions  are  a.ssumcd  and 
many -body  effects  are  neglected.  .9,,  is  treated  as  a 
friction-like  force  and  election  straggling  is  omitted,  a 
screened  elastic  Coulomb  interaction  is  applied  and 
correlation  with  electronic  scattering  is  neglected,  which 
must  be  considered  in  detail  to  obtain  isotope  shift  data 
accurate  within  a  few  percent  for  higher- order  moments 
(skewness,  kurtosis.  etc'), 
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In  this  paper  we  have  studied  the  diffusion  of  boron  in  silicon  after  high-dose  implantation  (50  keV,.  5x10'^  lons/cm^)  and 
during  rapid  thermal  annealing  at  llOO^C.  unoer  nitrogen  gas.  We  confirm  that  some  enhanced  as  well  as  “anomalous”  diffusion 
takes  place  durtng  the  early  stage  of  annealing  and  that  this  phenomenon  must  be  related  to  the  defects  generated  by  ion 
implantation  Experiments  were  performed  on  companion  samples  by  SIMS,  XTEM  and  resistivity  methods  “Damage"  calculations 
were  obtained  by  running  the  computer  code  LUPIN  to  generate  the  defect  profile  (displacements)  due  to  the  bombardment  For 
samples  which  were  subjected  to  increasing  annealing  periods  (1  s,  3  s,  5  s,  etc.)  the  dopant  profile  can  be  simulated  only  when 
assuming  a  phenomenological  depth-dependent  diffusion  coefficient  which  is  always  many  times  higher  than  according  to  the 
“classical”  theory  The  discussion  is  conducted  by  comparing  the  depth  variation  of  the  diffusion  coefficient  with  the  position  and 
density  of  the  extended  defects  seen  by  XTEM  We  show  that  the  formation  of  a  dense  band  of  dislocations  and  loops  around  the 
boron  projected  range  (within  1  s  at  1100°C)  corresponds  to  the  ejection  and  clustering  of  Si  interstitials  due  to  the  activation  of 
boron  For  larger  annealing  times,  boron  diffusion  is  dependent  on  the  motion  of  these  interstitials  emitted  from  the  extended  defects 
until  they  dtssolve  into  the  bulk  These  experiments  clearly  evidence  the  role  played  by  Si  interstitials  and  lead  us  to  reject  the  idea 
that  the  "colhsional”  damage  is  responsible  for  the  enhanced  diffusion  of  boron  in  silicon 


1.  Introduction 

The  elaboration  of  MOS  or  bipolar  circuits  for  VLSI 
technology  require.s  the  production  of  highly  doped 
shallow  junctions  in  the  near-surface  layer  of  silicon. 
Moreover,  this  layer  should  be  free  of  defects.  Ion 
implantation  is  the  usual  process  to  introduce  to  low 
depths  and  with  a  good  precision  a  known  amount  of 
dopant  impurities.  Unfortunately,  annealing  of  the 
material  is  necessary  to  activate  the  dopant  on  substitu¬ 
tional  sites  and  to  restore  the  crystalline  quality  of  the 
layer.  This  annealing  stage  is  detrimental  to  the  produc¬ 
tion  of  shallow  and  sharp  junctions  when  conducted 
with  the  conventional  furnace  processes  because  of  the 
long  times  needed  and  hence  to  the  subsequent  redistri¬ 
bution  of  the  dopant  which  inevitably  occurs. 

Appearing  recently  as  an  alternative  process,  rapid 
thermal  annealing  (RTA)  involves  a  temperature  and 
time  of  typically  about  11(X)°C  and  5  s,  respectively. 
Thus,  RTA  seems  to  offer  a  compromise  between  a 
complete  removal  of  implantation  damage  and  a  negli¬ 
gible  dopant  redistribution. 

First  e.xperiments  in  that  field  have  shown  that  for 
boron-implanted  silicon,  the  diffusion  is  drastically  en¬ 
hanced  during  the  early  stage  of  annealing  with  respect 
to  what  is  predicted  by  the  theory  of  “classical”  diffu¬ 
sion.  For  an  explanation  of  this  “anomalous”  diffusion 
of  implanted  boron  two  mechanisms  were  proposed. 


The  first  is  that  the  enhanced  diffusion  is  caused  by  the 
fast  diffusing  interstitial  boron  in  the  tail  region  [1].  The 
other  suggests  that  the  anomalous  diffusion  is  due  to 
point  defects  introduced  by  ion  implantation.  Cho  et  al 
(2),  Michel  et  al.  [3],  Servidori  et  al.  [4]  and  more 
recently  Bao  et  al.  [5]  have  provided  new  evidence  for 
this  mechanism.  All  these  results  are  in  accordance  with 
the  hypothesis  initially  proposed  by  Fair  et  al.  [6]  after 
comparison  with  the  XTEM  results  obtained  by  Sadana 
etal  [7]. 

Anyway,  the  point  which  remains  unclear  is  what  are 
“lon-implantation  defects”  and  what  is  the  nature  and 
origin  of  the  point  defects  responsible  for  the  enhance¬ 
ment  of  diffusivity  Thus,  we  believe  that  a  complete 
study  including  the  chemical,  structural  and  electrical 
aspects  should  in  principle  be  able  to  lead  to  a  better 
understanding  of  this  phenomenon. 

In  this  paper  we  have  studied  the  diffusion  of  boron 
after  high-dose  implantation  (5X10'^  lons/cm^.-  50 
keV)  and  during  rapid  thermal  annealing  (RTA)  at 
IKKI^C  by  SIMS,  XTEM  and  resistivity  methods.  We 
confirm  that  some  enhanced  as  well  as  “anomalous” 
diffusion  takes  place  during  annealing  The  discussion  is 
conducted  by  comparing  the  depth  vanatton  of  the  dtffu- 
swn  coeffictent  with  the  position  and  density  of  the 
extended  defects  revealed  by  XTEM.  It  is  shown  that  Si 
interstitials  play  a  key  role  in  the  enhanced  diffusion. 
These  experiments  when  compared  to  the  damage  calcu- 
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lations  lead  us  to  reject  the  idea  that  the  “collisional” 
damage  is  responsible  for  the  enhanced  diffusion  of 
boron. 


2.  Results 

2  /  “Damage”  defects 

The  slowing-down  process  of  a  boion  ion  is  typical 
of  a  “hght”-ion  (low-mass,  high-energy)  implantation  in 
silicon.  In  fig.  1  we  have  represented  the  results  of 
damage  calculations  as  given  by  the  LUPIN  code  [8-10]. 
£p  „  and  E,  are  the  energy  losses  of  the  incident  particle 
through  nuclear  and  electronic  interactions,  respec¬ 
tively.  After  energy  transport  by  the  cascades  (recoil 
displacements),  the  energy  received  by  the  target  through 
Si-Si  or  B-Si  nuclear  interactions  is  called  the 
“damage”  energy  and  is  shown  in  the  same  figure. 
This  is  a  calculation  of  interest  because  in  a  good 
approximation  (for  boron),  the  number  of  defects 
(Frenkel  pairs  V-I)  generated  by  one  “average”  ion  is 


Energy  loss  (eV/nm) 


Depth  (l  m) 


Fig.  1.  Energy  losses  of  the  incident-particle  and  damage 
energy  received  by  the  target  atoms  for  50  keV  boron  incident 
on  silicon 


proportional  to  £j.,  following  the  Kinchin  and  Pease 
relation  [11]: 

Afj  =  0.42£j/£,, 


Concentration  (at/cm  ^  ) 


Depth  ()im) 

Fig  2.  SIMS  profiles  of  the  samples  implanted  with  5U  keV  boron  ions  at  a  dose  of  5  X 10'*  lons/cm^  and  subsequently  £  nnealed  by 

RTA. 
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where  stands  for  a  threshold  for  displacement  and  is 
usually  taken  in  the  10-15  eV  range.  For  the  present 
purpose,  we  shall  remember  that  the  depth  distribution 
of  the  displacement  defects  initially  created  by  the 
bombardment  is  described  by  the  function  E^{x). 


2.2.  Boron  profiles 

The  results  we  have  obtained  by  SIMS  are  repre¬ 
sented  in  fig.  2.  It  is  to  be  noted  that  a  dose  of  5  X  lO'* 
ions/cm^  corresponds  to  a  maximum  concentration  of 
about  1-2  X  10^®  atoms/cm^,  just  below  the  solubility 
limit  of  boron  in  silicon,  in  the  case  of  an  as-implanted 
sample.  It  is  then  expected  that  the  anomalous  diffusion 
will  be  easily  seen  under  this  condition.  The  general 
p'-ofile  IS  in  general  accordance  with  the  TRIM  results 
[12]  as  well  as  with  the  table  of  Gibbons  et  al.  [13]  in 
spite  of  a  strong  tail  due  to  boron  channelling. 

The  general  behaviour  of  boron  diffusion  during 
RTA  at  1100“C  is  as  follows; 

-  At  the  beginning  (curve  1)  boron  atoms  seem  to  be 
more  mobile  in  the  tail  of  the  profile  and  in  the 
near-surface  region  than  around 

-  after  some  more  seconds  (curve  2),  this  behaviour 
seems  to  reverse  because  the  asymmetry  of  the  profile 
IS  less  than  noted  previously; 

-  this  IS  confirmed  on  curve  3  where  it  is  obvious  that 
boron  atoms  diffuse  more  easily  in  the  peak  region; 


Table  1 

Resistivity  measurements  (fcur-point-probe  method)  on  the 
samples  implanted  with  boron  at  50  keV  and  5x10'*  lons/cm’ 
as  a  function  of  annealing  time  The  minimum  attainable 
is  about  30  Q/O  after  12-15  s  which  corresponds  to  100% 
activation 

rlsj  0  I  5  12 

Ra  [fl/D]  70  71  34  31 


-  finally,  after  some  minutes  the  profile  is  stabilized 
and  its  evolution  is  in  accordance  with  the  “classical” 
diffusion  theory  [14,15]. 

In  order  to  reach  a  better  understanding  of  this 
complicated  phenomenon,  we  have  adapted  the  well- 
known  computer  code  SUPREM  [14]  based  on  the 
resolution  of  modified  Pick’s  laws  (including  a  con¬ 
centration  dependence)  but  injecting  a  phenomenologi¬ 
cal  depth-dependent  diffusion  coefficient  in  this  simula¬ 
tion.  The  results  are  shown  in  fig.  3  where  we  have  also 
plotted  the  “classical”  or  “normal”  diffusion  coefficient 
for  companson.  The  first  conclusion  is  that  boron  diffu¬ 
sion  is  strongly  enhanced  with  respect  to  classical  diffu¬ 
sion  It  is  also  clearly  evident  that  in  a  first  penod  ( =  5 
s),  boron  diffusion  is  enhanced  in  the  near-surface  as 
well  as  in  the  tail  region,  while  with  increasing  time  this 
phenomenon  reverses  and  the  fast  diffusing  boron  is 
situated  around  the  peak  (Rp).  It  should  also  be  noticed 
that  the  diffusion  anomalies  do  not  fit  to  the  damage 
profile,  but  to  the  boron  profile  itself. 


Diffusion  coefficient  (cm'^/s) 

10' 


10' 


10" 


Depth  (pm) 

Fig.  3  Depth  variations  of  the  phenomenological  diffusion  coefficients  needed  for  simulating  the  time  evolution  of  the  experimental 

SIMS  profiles. 
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2.3.  Resistivity  measurements 

The  results  of  the  four-probe  measurements  are  pre¬ 
sented  in  table  1.  It  is  known  that  about  30%  of  boron 
atoms  are  activated  in  the  as-implanted  state  [16].  A  1  s 
RTA  does  not  seriously  affect  this  proportion,  while  a  5 
s  RTA  activates  almost  all  boron  atoms.  Finally,  12  s 
are  needed  to  obtain  the  maximum  activation  corre¬ 
sponding  to  Rq  =  30  12 /C. 

2.4.  XTEM  characterization 

This  structural  analysis  was  conducted  on  the  same 
specimens  as  used  for  SIMS  and  electrical  measure¬ 
ments.  Micrographs  obtained  by  XTEM  in  the  BF 
mode  are  shown  in  fig.  4.  For  imaging,  the  strong  220 
beam  was  excited  resulting  in  a  two-beam  condition.  As 
already  reported,  the  as-implanted  sample  exhibits  small 
defects,  probably  interstitial  loops,  centered  on  the 
boron  profile.  After  1  s  RTA,  these  loops  coalesce  and 
form  bigger  loops  easily  observable  by  TEM,  roughly 
on  the  same  profile.  With  the  increasing  annealing  time, 
these  defects  increase  in  size  and  decrease  in  number  as 
expected  Finally,  after  a  few  minutes  most  of  the 
defects  have  disappeared  and  only  some  dislocations  are 
visible. 


3.  Discussion 

It  is  possible  to  discuss  and  propose  an  explanation 
of  the  behaviour  of  anomalous  diffusion  by  combining 
the  lesults  obtained  through  different  experiments.  We 
now  review  the  phenomenon  step  by  step 

(1)  As-implanted  state.  Immediately  after  implantation 
one-third  of  the  boron  atoms  are  on  substitutional 
positions  and  the  same  amount  of  Si  atoms  are  in 
interstitial  positions  [16],  Because  these  Si-l’s  are  highly 
mobile  and  unstable  at  RT.-  they  agglomerate  in  the 
form  of  small  dislocation  loops  at  depths  where  their 
concentration  is  high,  i.e.  in  the  region  centered  around 
Rp,  the  depth  position  corresponding  to  the  maximum 
boron  concentration  [17,18]. 

(2)  0  <  t  <  I  s  In  a  very  short  time,  these  defects  pre¬ 
cipitate  to  form  dislocations  and  loops  of  bigger  sizes. 
Moreover,  it  is  possible  that  during  that  stage  .some 
boron  atoms  are  trapped  by  Si-I's  to  form  complex 
agglomerates  [19,20].  Note  that  the  activation  of  boron 
does  not  take  place  during  this  annealing  period  and 
that  the  number  of  Si-1  available  in  the  network  does 
not  increase  from  0  to  1  s  The  regions  where  the 
diffusion  phenomenon  reaches  a  maximum  are  at  the 
borders  of  the  defective  region  This  is  probably  be- 


1100‘’C.  5s 


1100»C.  12s 


IIOOX,  180s 


Fig.  4.  XTEM  images  (CC  220)  showing  the  .structural  evolution  of  the  samples  after  RTA  at  1100°C.  Note  the  presence  of 

dislocations  and  loops  centered  around  Rp. 
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cause  only  there  the  Si-I  and  boron  atoms  can  diffuse 
without  being  trapped  by  the  extended  defects. 

(3)  t  =  l  s.  When  the  temperature  is  high  enough,  dislo¬ 
cation  loops  emit  a  great  number  of  Si-I’s  in  all  direc¬ 
tions  of  the  crystal.  Within  this  volume,  the  defect 
concentration  is  so  high  that  boron  and  silicon  atoms 
seem  immobile.  Any  interstitial  atom  emitted  from  a 
dislocation  will  be  soon  trapped  by  another  defect.  The 
dissociation  of  agglomerates  may  not  be  possible  under 
these  conditions  and  this  may  explain  the  electrical 
measurements  showing  that  activation  of  boron  has  not 
been  reached  at  this  stage.  On  the  other  hand,  in  the 
two  regions  separating  the  defective  material  from  the 
perfect  crystal,  Si-I  atoms  which  are  injected  toward  the 
surface  or  toward  greater  depths  have  a  low  probability 
to  be  trapped  by  extended  defects  so  that  they  can 
diffuse  over  larger  distances  before  stabilization  on  a 
free  substitutional  position.  These  high  fluxes  of  Si-I’s 
emitted  from  the  defective  region  to  the  surface  and  to 
greater  depths  are  then  suspected  to  be  responsible  for 
the  enhanced  diffusion  of  boron  in  the  tail  of  the 
distribution  and  in  the  near-surface  region. 

(4)  1  s  <  I  <  12  s  After  some  more  seconds,  the  maxi¬ 
mum  activation  has  been  reached.  One  can  suppose  that 
almost  all  boron  atoms  which  were  trapped  aiound 
have  been  free  and  finally  put  on  a  substitutional  posi¬ 
tion.  TEM  has  evidenced  the  reduced  number  of  ex¬ 
tended  defects  at  this  stage.  This  is  why  boron  diffusion 
IS  now  possible  in  the  peak  region.  Si-I  atoms  emitted 
from  the  loops  can  diffuse  in  the  central  region  before 
being  trapped  by  another  defect  and  this  is  consistent 
with  the  variation  of  the  diffusion  coefficient.  On  the 
contrary,  there  are  not  enough  defects  to  produce  a  high 
flux  of  Si-l’s  toward  the  surface  and  to  greater  depths. 
It  is  therefore  logical  to  check  that  the  diffusion  coeffi¬ 
cient  is  decreasing  so  as  to  reach  the  normal  values  in 
the  tail  and  surface  regioii"  It  is  also  important  to  note 
that  from  5  to  12  s  while  almost  all  boron  atoms  are  on 
substitutional  positions,  the  diffusion  is  still  enhanced. 
This  evidences  that  the  “anomalous"  diffusion  is  not 
purely  related  to  interstitial  diffusion. 

(5)  t  >  12  s.  Finally,  for  large  annealing  times  boron 
diffusion  becomes  homogeneous  in  depth  and  “classi¬ 
cal”  over  the  whole  profile.  This  must  be  connected  to 
the  disappearance  of  the  extended  defects  as  checked  by 
XTEM. 


4.  Summary  and  conclusions 

The  diffusion  during  RTA  of  boron  implanted  into 
silicon  cannot  be  described  by  the  classical  diffusion 
theory.  This  “anomalous”  diffusion  is  a  transient  (few 


seconds)  and  enhanced  phenomenon  whose  important 
characteristic  is  to  be  depth-dependent.  Combining  the 
experimental  characterizations  by  XTEM,  SIMS  and 
four-point-probe  measurements  and  the  damage  calcu¬ 
lations  provides  the  following  information: 

-  the  structural  defects  .seen  in  both  as-implanted  and 
annealed  materials  are  centered  around  the  max¬ 
imum  of  boron  concentration  where  diffusion  anom¬ 
alies  occur; 

-  these  defects  are  not  a  result  of  displacement  damage 
(nuclear  collision)  but  of  boron  activation  through  a 
kickout  mechanism: 

-  these  defects  are  mainly  interstitial  dislocation  loops 
of  Si.  These  Si  atoms  are  ejected  during  boron  activa¬ 
tion  and  then  agglomerate  to  form  bigger  loops; 

-  kinetics  of  dissolution  of  these  defects  when  com¬ 
pared  to  the  behaviour  of  the  “anomalous”  diffusion 
suggests  that  the  enhanced  phenomenon  is  due  to  a 
high  flux  of  Si  interstitials  which  may  (or  may  not) 
escape  from  the  defect-nch  region  during  dissolution 
(depending  on  the  density  of  these  defects). 

-  It  IS  also  to  be  noted  that  the  enhanced  diffusion 
affects  also  the  active  boron,  i.e.  the  boron  atoms  on 
substitutional  sites:  a  strong  coupling  between  Si-I 
and  B-(sub)  along  with  a  fast  diffusion  of  this  pair 
might  be  able  to  describe  the  generally  observed 
“anomalous”  diffusion  of  boron  in  silicon  during 
RTA. 
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80  keV  B*  ions  were  imnlantt  1  in  (100)  Si  with  a  high  current  implanter  The  wafC'  were  irradiated  at  0°  and  7°  The 
feasibility  of  the  0°  implants  was  checked  testing  the  influence  of  several  geometrical  paraoi  ers.  such  as  the  twist  angle  and  the  flex 
angle,  on  the  shape  and  uniformity  of  the  ion  depth  stributions  The  damage  generated  by  a  high-fluence  B  '*  implant  was  lower  for 
the  0°  implanted  samples  and  the  disorder  evolution  was  analyzed  after  different  annealing  processes  were  performed  in  the 
600-1200°C  temperature  range  Agglomeration  and  dnssoluiion  of  extended  defects  in  the  0°  implanted  samples  occurs  at 
temperatures  100°C  lower  than  those  in  the  7°  implanted  .samples 


1.  Introduction 

In  the  last  years  the  shrinkage  of  device  dimensions 
with  the  increasing  use  of  three-dimensional  structures 
has  determined  the  use  of  implants  performed  with  the 
beam  direction  normal  to  the  wafer  surface  (0°  im¬ 
plants)  in  VLSI  technology.  This  implantation  condi¬ 
tion  avoids  the  nght-left  a.symmetry.  which  results  from 
the  usual  7°  tilted  implantation  on  masked  wafers 
[1-3],  Channeling  phenomena  can  arise  in  silicon  wafers 
cut  with  a  tolerance  of  +0.5°  with  respect  to  the  main 
axis  [4]. 

The  lower  influence  of  nuclear  phenomena  in  the 
slowing-down  process  of  channeled  ions  reduces  the 
displaced  target  atoms  and  thus  the  lattice  damage  of 
the  as-implanted  wafer.  This  can  be  another  important 
aspect  of  the  0°  implants. 

In  this  work  we  report  the  characterization  of  the 
depth  distribution  and  of  the  disorder  annealing  of 
boron  implanted  in  silicon  using  the  0  °  wafer  holder  of 
the  high-current  implanter  Eaton  Nova  NV80.  The  in¬ 
fluence  of  several  geometrical  parameters  as  well  as  the 
damage  evolution  after  thermal  treatments  is  investi¬ 
gated  by  comparing  the  samples  implanted  with  the  0° 
holder  to  those  with  the  usual  7°  tilting  angle  holder. 
We  also  report  the  results  of  a  computer  calculation 


obtained  using  the  Marlowe  code  on  the  0°  implants 
[5] 


2.  Experimental 

80  keV  boron  ions  were  implanted  in  (100)  n-type  5 
in.  Si  wafers  of  1  5  fiem  rcsistivit\'  with  the  high-current 
Eaton  Nova  NV  80.  The  adopted  fluence  was  in  the 
range  of  1  x  ]0’‘’-2  X  10‘^/cnv  and  all  implants  were 
performed  at  room  temperature.  The  boron  beam  is 
mechanically  .scanned  over  the  wafers  during  implanta¬ 
tion  and  two  wafer  holdeis  are  u.sed  to  keep  the  silicon 
samples  at  a  tilt  angle  ol  ether  7°  or  0°  between  the 
:on  beam  and  the  normal  to  the  wafer  surface.  To 
improve  wafer  cooling  and  good  heat  transfer  character¬ 
istics  a  flex  angle  of  0.2°  is  designed  on  the  wafer 
support:  the  beam  divergence  is  estimated  to  be  lower 
than  +0.5°. 

The  boron  depth  distributions  were  analyzed  by 
secondary-ion  mass  spectrometry  and  compared  with 
the  carrier  distributions  obtained  by  cycles  of  resistivity 
and  Hall-effect  measurements,  followed  by  anodic 
oxidation  and  oxide  stripping  on  samples  designed  with 
Van  der  Pauw  geometry. 
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The  dopant  activation  of  the  as-implanted  samples 
was  obtaimd  by  a  rapid  thermal  annealing  at  1000  °C 
for  10  s  under  a  N,  flow.  This  process  has  no  effect  on 
boron  diffusion.  To  study  the  damage  evolution  of  the 
high-fluence  implanted  samples,  different  annealing 
treatments  were  performed  either  in  a  furnace  under 
vacuum  in  the  600-900  °C  temperatuie  range  for  30 
min,  or  in  a  rapid  thermal  annealer  under  nitrogen  flux 
in  the  1000-1200°C  range  for  10-30  s.  All  these 
processes  were  simultaneously  performed  for  the  0° 
and  7°  tilt  angle  implanted  samples  The  residual 
damage  was  investigated  by  Rutherford  backscattering 
spectrometry,  a  channeling  technique  with  2  MeV  He^ 
ions. 


3.  Results  and  discussion 

In  fig  la  chemical  and  electrical  profiles  of  80  keV.. 
1  X  lO'Vcm'  implanted  Si  are  shown  for  the  two 
tilting-angle  implants  The  samples  were  annealed  at 
1000  °C  for  10  s.  The  agreement  between  the  distribu¬ 
tions  of  ions  and  boles  indicates  a  good  activation  of 
the  implanted  boron  after  this  thermal  treatment.  RBS- 
channehng  mea.surement,s  also  revealed  no  detectable 
damage  within  the  technique  sensitivity. 

The  0“  tilt  angle  implantation  profiles  show  the 
influence  of  the  channeling  effect,  i.e  they  are  deeper 
with  a  peak  shift  from  0.25  to  0  3  jim  and  a  low-gradi¬ 
ent  exponential  tail  The  maximum  penetration  depth 
for  the  0°  profile  is  about  0.8  jim.  which  is  in  good 


with  1000  particles  in  the  Marlowe  simulation  The  ions  were 
incident  at  7°  (a)  and  0°  (b-e)  In  the  last  case  different 
angular  beam  divergences  were  considered  The  dashed  lines  in 
(a)  and  (c)  are  the  SIMS  profiles 


Energy  (MeV) 


Fig.  1  (a)  Carrier  and  chemical  concentration  profiles  for  7°  and  0°  boron  implants  into  a  (100>  silicon  target  at  a  fluence  of 
1  X  lO'Vcrn’  For  comparison,  :h.;  SIMS  profile  of  the  same  implant  in  under  perfect  channeling  conditions  is  shown  as  a  da.shed 
line,  (b)  Aligned  yields  of  2.0  MeV  He*  backscattered  from  Si  samples  implanted  at  80  keV,.  2  x  lO'Vcm^  with  a  tilt  angle  of  0°  and 
7°.  respet  'vely  For  companson  the  yield  of  an  unimplanted  sample  is  also  shown 
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agreement  with  the  depth  where  the  ions  stop  after  only 
electronic  losses.  To  evaluate  the  percentage  of  chan¬ 
neled  ions  we  have  shown  in  the  same  figure  the  SIMS 
profile  of  80  keV^  1  X  lO'^/cm^  implanted  under 
controlled  channeling  conditions.  This  implant  was  per¬ 
formed  in  a  research  machine  where  a  perfect  orienta¬ 
tion  of  the  Si  sample  under  the  B  beam  was  obtained 
by  a  previous  alignement  using  700  keV  H’’ '  back- 
scattering.  In  this  case  the  boron  profile  is  broader  but 
the  value  is  the  same  as  that  of  the  0°  distribu-- 
tion,  evidencing  that  no  misalignments  are  pre,sent  in 
the  0  °  geometry  but  that  the  beam  divergence  causes  a 
high  number  of  dechanneled  particles. 

To  evaluate  the  influence  of  beam  divergence  on  the 
boron  depth  distributions,  we  have  performed  some 
Monte  Carlo  simulations  with  the  Marlow  code.  This 
computer  program  allows  the  simulation  of  the  0° 
implant.,  taking  into  account  the  single-crystal  Si  struc¬ 
ture.  an  impact  parameter  dependent  formula  for  the 
electronic  stopping  power,  several  geometrical  parame¬ 
ters  and  the  therma'  vibrations  of  the  lattice  atoms,  in 


0®  TILT 


7®  TILT 


Rg=  550  Ohmsq 


n  0  3  90  697  958  13  0 

Fig.  3.  Sheet  resistance  maps  for  0°  (a)  and  7°  (b)  80  keV. 

ixlo'Vcm^  boron  implants  into  (100)  silicon  The  sheet 
resistance  is  measured  at  500  spots  on  the  wafer 


Fig  4  (a)  Point  defect  distributions  from  the  RBS  spectra  for 
the  samples  implanted  at  0°  and  7°  tilt  angle,  (b)  Vacancs 
distributions  computed  b>  the  Marlowe  code  for  the  two 
implantation  conditions  for  0°  and  7°  tilt  angles 


fig  2  the  depth  distributions  of  80  keV  B^  ions  imping¬ 
ing  along  the  {100)Si  axis  computed  with  1000  particles 
are  shown  for  several  parameters.  The  sequence  b~e 
shows  the  influence  of  the  angular  beam  spread:  a 
divergence  higher  than  0.5°  greatly  modifies  the  distri¬ 
bution,.  although  this  value  is  lower  than  the  critical 
angle  for  channeling.  The  ion  trajectories  depend  in  fact 
upon  the  impact  parameter  and  the  ion  path  direction 
On  increasing  the  angle  between  the  axis  and  the  ion 
direction,  the  particles  experience  higher  multiple 
scattering  by  electrons  and  thermal  vibrations,  so  the 
dechannehng  rate  increases  and  a  broader  distribution 
is  obtained. 

The  .sheet  resistance  maps  of  the  two  0°  and  7°  tilt 
angle  implanted  wafers  are  presented  in  fig.  3.  The 
lower  value  of  the  average  sheet  resistance  in  the  0° 
implanted  wafer,  about  15%..  is  due  to  the  lower  peak 
concentration  and  to  the  higher  carrier  mobility  as 
evidenced  by  the  Hall  measurements.  The  higher  stan¬ 
dard  deviation  (0.94%  as  opposed  to  0.77%)  indicates  a 
larger  nonuniformity  in  junction  depth  for  the  wafer 
implanted  with  the  0°  geometry.  A  detailed  analysis  of 
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the  carrier  profiles  performed  in  different  regions  of  the 
wafer  evidences  a  small  difference  in  junction  depth 
between  samples  cut  from  the  center  and  those  from  the 
border  of  the  wafer.  This  phenomenon  is  not  seen  in  tiic 
7“  implanted  wafer  and  must  be  attributed  to  the  flex 
angle:  because  the  channeling  critical  angle  for  80  keV 
B  in  (100)  Si  IS  2.87°  the  flex  ang'e  does  not  disturb 
the  7°  boron  profiles  but  becomes  crucial  for  the  0° 
implants. 

Increasing  the  80  keV  fluence  to  2  X  10’*/cm^,- 
the  shapes  of  the  ion  profiles  change  clue  to  a  damage 
effect.  The  SIMS  spectra  show  a  shift  in  the  projected 
range  between  the  two  geometries,  but  in  the  0°  case 
the  channeled  fraction  of  ions  is  reduced  with  respect  to 
low-fluence  implants.  The  2  X  10'*/cm^  implant  intro¬ 
duces  a  lot  of  disorder  in  the  Si  single  crystal,  and  thus 
impinging  ions  are  prevented  from  channeling.  The 
distribution  of  displaced  silicon  atoms,  as  extracted 


from  the  RBS  spectra  (fig.  lb),  is  shown  in  fig.  4a  and. 
for  comparison,  in  fig.  4b  the  vacancy  distribution 
obtained  by  the  Marlowe  simulation  for  the  two  geome¬ 
tries  is  p'  'tted.  The  calculated  profiles  include  all  the 
generated  vacancies  without  taking  into  account  close 
pairs  recombination  between  vacancies  and  inteistitials 
[6].  The  agreement  between  the  experimental  and  the 
computed  distributions  of  displaced  atoms  is  then  only 
qualitative:  evidently  a  large  number  of  the  generated 
vacancies  can  recombine  with  interstitials  in  sites  farther 
than  neighbouring  sites. 

The  annealing  of  disorder  produced  by  the  0°  and 
7°  implants  was  investigated  in  the  600-1200°C  tem¬ 
perature  range.  The  sequence  of  the  channeling  spectra 
reported  in  fig.  5  refers  to  some  of  the  performed 
annealings. 

The  evolution  and  the  removal  of  the  damage  is  the 
same  for  both  wafers,  but  the  temperatures  that  char- 


Energy  (MeV)  Energy  (MeV) 


Chonnel  Chonnel 

Fig  5  Aligned  yields  of  2.0  MeV  He'^  backscattered  from  Si  samples  implanted  with  80  keV,  2  X 10' Vcm^  B*  ions  at  0°  (a.  c)  and 

7°  (b,  d)  as  a  function  of  several  thermal  treatments. 
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actenze  each  phenomenological  step  are  different.  It  is 
possible  to  distinguish  three  regimes  of  evolution  of  the 
as-implanted  damage:  first,  a  partial  removal  of  point 
defects  or  small  clusters  with  a  consequent  reduction  in 
the  aligned  yield;  then,  at  higher  annealing  tempera¬ 
tures,  the  agglomeration  of  point  defects  into  extended 
defects,  such  as  dislocation  loops,  with  a  dramatic  in¬ 
crease  in  the  dechannehng  yield;  and  finally,  the  anneal¬ 
ing  of  the  extended  defects.  Because  the  as-implanted 
materials  is  less  damaged  when  the  ion  beam  impinges 
normally  on  the  wafer  surface,  these  annealing  regimes 
are  characterized  by  a  lower  threshold  temperature  for 
the  0“  geometry;  a  700  °C- 1/2  h  annealing  already 
induces  the  agglomeration  of  point  defects  (whereas  a 
temperature  of  800  °C  is  necessary  for  the  7  “-im¬ 
planted  sample)  and  a  temperature  of  1000  “C  is  enough 
to  start  the  dissolution  of  extended  defects  (cf.  1100“C 
for  the  7°  case).  After  annealing  at  1200  °C  for  10  s,  the 
material  is  nearly  defect-free  from  the  channeling-RBS 
point  of  view,  but  the  annealing  efficiency  seems  better 
for  the  0  “  wafer. 


4.  Conclusion 

Implants  performed  with  a  higli-current  implanter 
have  been  studied  for  a  80  keV  B^  beam  impinging 
normally  on  the  (100)  silicon  surface.  The  onset  of 
channeling  effects  allows  the  control  of  several  geomet¬ 


rical  parameters  to  obtain  the  uniformity  and  the  repro¬ 
ducibility  of  the  dopant  distributions  in  different  points 
on  the  same  wafer  and  from  wafer  to  wafer.  Angles 
such  as  the  beam  divergence  or  the  flex  angle  are  critical 
even  if  they  are  smaller  than  the  cntical  angle  of  chan¬ 
neling. 

On  increasing  the  boron  fluence,  a  nonlinearity  be¬ 
tween  the  channeled  fraction  of  ions  and  the  dose  is 
noticed.  This  is  a  damage  effect.  The  lower  point-defect 
density  in  the  0°  implanted  sample  results  in  a  100  “C 
shift  in  the  temperature  necessary  to  agglomerate  and 
subsequently  dissolve  the  extended  defects.  The 
Marlowe  code  is  a  convenient  tool  to  simulate  the  0“ 
implant  conditions. 
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Channeling  effects  during  ion  implantation  in  silicon  are  calculated  in  this  work  by  using  a  modified  version  of  the  TRIM  Monte 
Carlo  e,  '  •'  As  the  direction  of  motion  of  each  ion  is  known  dunng  its  movement  inside  the  target,  an  ion  can  be  considered  to  enter 
into  ='  >'.,annel  when  its  direction  of  motion  is  aligned  with  a  channel  axis  within  a  critical  angle.  Simple  models  are  used  for  ion 
mo'  .  .ind  stopping  along  channels  Range  distributions  including  channeling  effects  are  obtained  with  a  shorter  computation  time 
than  .. ith  amorphous  TRIM  calculations.  Good  agreement  is  obtained  with  experimental  profiles  implanted  at  low  energies  into 
tilled  silicon. 


1.'  Introduction 

The  current  trend  towards  device  dimensions  reduc¬ 
tion  in  semiconductor  manufactunng  makes  a  precise 
control  of  ion-implanted  dopant  profiles  necessary.  This 
need  is  increased  by  the  use  of  rapid  thermal  annealing 
techniques,  that  produce  a  very  low  dopant  diffusion. 

Ion  implanted  profiles  in  amorpiious  targets  can  be 
accurately  calculated.  The  first  unified  theory  of  range 
distributions  was  developed  by  Lindhard,  Scharff  and 
Schiott  [1]  and  provides  the  moments  of  the  range 
distribution,  from  which  the  distribution  itself  can  be 
obtained.  The  moments  method  of  solving  the  transport 
equation  was  modified  and  applied  by  many  workers 
[2-5]  Monte  Carlo  calculations  such  as  the  TRIM  code 
[6.7].  and  the  numerical  calculation  of  the  Boltzmann 
transport  equation  [8]  have  also  been  used  and  provide 
very  accurate  results 

Range  distribution  calculations  in  crystalline  targets 
are  more  difficult  due  to  channeling  effects.  Ions  mov¬ 
ing  along  a  channel  direction  lose  much  less  energy  per 
unit  path  length  than  ions  moving  in  a  random  direc¬ 
tion.  giving  rise  to  channeling  “tails”  in  range  distnbu- 
tions.  Much  work  has  been  devoted  to  the  theory  of  ion 
motion  inside  channels  [9-14].  Calculations  of  range 
distributions  including  channeling  effects  have  used  [15] 
Monte  Carlo  methods,  such  as  the  MARLOWE  [16] 
code,  that  includes  the  crystalline  structure  ot  the  target, 
but  needs  a  great  amount  of  computation  time.  By 
using  the  numerical  integration  of  the  Boltzmann  trans¬ 
port  equation  (BTE),  Giles  and  Gibbons  [17]  have  been 
able  to  calculate  range  distiibutions  for  ions  implanted 
into  misaligned  crystalline  targets. 

Monte  Carlo  calculations  of  ion  implantation  effects 
have  the  advantage  of  allowing  a  rigorous  treatment  of 
elastic  scattering,  explicit  consideration  of  surfaces  and 
interfaces,  an  easy  determination  of  energy  and  angle 


distributions  and.  especially,  a  straightforward  control 
of  the  physics  involved  in  the  ion  motion.  The  method 
follows  the  motion  of  a  large  number  of  individual  ions 
inside  the  target  until  they  come  to  rest  Although  it  is  a 
time-consuming  procedure  there  are  very  efficient  im¬ 
plementations,  such  as  the  TRIM  code  [6.7],  developed 
for  amorphous  targets,  that  uses  an  accurate  analytic 
scheme  for  nuclear  scattering  integrals.  The  knowledge 
of  the  direction  of  notion  of  each  ion  after  each  elastic 
collision,  however.,  offers  the  possibility  of  considering 
the  ion  to  enter  a  channel  when  its  direction  is  aligned 
with  a  crystal  channel  direction.  In  this  work  we  use  this 
concept  in  a  modified  version  of  the  TRIM  code  to 
calculate  lon-implanted  range  distributions  with  chan¬ 
neling  effects.  Simple  models  are  used  to  calculate  the 
ranges  of  channeled  ions.  We  will  restrict  ourselves  to 
low  energy  (  £q  <  25  keV/amu)  implantations  into  (100) 
silicon  substrates  with  the  ion  beam  entering  the  target 
near  the  normal  direction.  Then  only  the  (100)  axial 
channel  and  th'r  major  planar  channels  containing  that 
axial  channel,  i.e...  {100}  and  {110}..  will  be  considered. 


2.  Formalism 

A  model  based  on  the  TR1M85  [6,7]  Monte  Carlo 
code  will  be  used  to  calculate  channeling  effects  in  ion 
implantation.  In  the  TRIM  code  an  ion  travels,  dunng 
its  movement  inside  the  solid,  in  free-flight  paths  be¬ 
tween  elastic  collisions  with  the  crystal  atoms.  In  these 
free-flight  paths  it  loses  energy  by  inelastic  electronic 
stopping.  As  the  direction  of  these  paths  in  space  is 
known,  we  will  consider  an  ion  to  enter  into  a  channel 
when  Its  direction  of  motion  is  aligned  with  a  channel 
direction  within  a  critical  angle  For  the  critical 
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angles  we  have  used  the  standard  expression  for  the  low 
energy  range: 


for  axial  channeling  [9,13],  where  Zj  and  Zj  are  the 
atonuc  numbers  of  the  incoming  ion,  ol  energy  £,  and 
an  ato-.n  of  the  target,  a  is  the  screening  length,  e  is  the 
electron  charge,  d  is  the  spacing  between  two  atoms  in 
a  channel  row,  and 


'^c  =  fp.( 


V2 


'I  2'nZjZ2e^(iNdp  y' 

(  ^  J  ’ 


(2) 


for  planar  channeling,  where  dp  is  the  spacing  between 
atomic  planes,  N  is  the  atomic  density  of  the  target, 
and  Fp^(.\,  y)  is  a  function  with  values  typically  be¬ 
tween  0.5  and  1  [13].  Not  all  the  ions  that  are  aligned 
with  the  channel  directions  will  be  channeled,  however, 
due  to  the  blocking  effect  of  the  channel  walls.  An 
estimation  of  this  effect  can  be  obtained  from  the 
distance  h„,„  of  closest  approach  to  the  channel  wall  for 
an  ion  which  'ravels  at  the  critical  angle  at  the  center  of 
the  channel  [17].  Ions  moving  closer  than  b„,„  to  a 
channel  wall  will  be  scattered  out  of  the  channel.  This 
defines  a  blocking  area  in  a  plane  perpendicular  to  the 
rows  or  planes  that  gives  the  probability  that  an  aligned 
ion  enters  a  channel. 

We  will  use  a  simple  model  to  desenbe  the  ion 
motion  within  a  channel  and  to  calculate  the  range  of  a 
channeled  ion,  in  order  to  show  that  useful  results  can 
be  obtained  with  this  method.  A  more  accurate  descrip¬ 
tion  IS  left  for  future  work.  When  an  lor.  has  entered  a 
channel,  it  follows  an  oscillatory  motion  between  the 
channel  walls  [11],  which  will  be  described  by  static 
continuum  potentials.  If  we  use  the  universal  inter¬ 
atomic  potential  of  Biersack  and  Ziegler  [7,18],  which  is 
used  in  the  TRIM  code  and  has  the  same  analytical 
form  as  the  Molidre  potential,  to  calculate  the  con¬ 
tinuum  potentials,  we  get  [10,13]: 


Kps(f))  =  2iTA</pZ,Z2e^fl  £  ^exp|-^f)j 


(3) 


where  the  subscript  RS  is  used  for  axial  channeling  and 
PS  for  planar  channeling,  b  is  the  distance  to  the  row  or 
plane,  A'o(x)  is  the  modified  Bessel  function,  and  a, 
and  j8,  are  the  potential  coefficients  [7].  The  contribu¬ 
tions  from  several  rows  or  planes  are  added  to  obtain 
the  continuum  potential.  From  the  continuum  poten¬ 
tials  the  distance  b^,„  can  be  obtained  as  a  function  of 
the  angle  a  between  the  initial  ion  motion  and  the 


channel  axis.  The  amplitude  of  the  ion  oscillatory  move¬ 
ment  is  then  given  by  rn,j,(a)  =  Wq  “  where  dg 

is  the  channel  width.  As  the  ion  moves  inside  the 
channel,  it  loses  energy  by  electronic  stoppin.g.  We  will 
not  consider  dechanneling  effects  due  to  lattice  defects 
or  thermal  vibrations  of  the  crystal  atoms.  Therefore,  an 
ion  that  enters  into  a  channel  will  continue  travelling  in 
that  channel  until  it  loses  all  its  energy.  The  range  of 
such  an  ion  will  be  calculated  from  the  ion  stopping 
power  inside  the  channel.  The  channel  electronic  den¬ 
sity  at  a  distance  b  from  the  channel  wall  can  be 
calculated  from  the  solid-state  atomic  charge  distribu¬ 
tions  calculated  by  Ziegler  et  al.  [7].  A  local-density 
approximation  is  then  used  to  calculate  the  ion  elec¬ 
tronic  stopping.  The  electronic  stopping  power  52^  of 
an  ion  of  atomic  number  Z,  is  related  to  the  proton 
stopping  power  Sp  at  the  same  velocity  by  [19]: 

62,  =  (Z,*)'Sp,  (4) 

where  Z,*  is  the  ion  effective  charge  that,  at  low  and 
moderate  velocities,  oscillates  with  Z,  [20,21].  The  stop¬ 
ping  power  of  a  low-velocity  ion  is  proportional  to  its 
velocity  V  [21,22].  Accurate  values  of  Sp  and  Z  '  at  low 
velocities  in  an  electron  gas  can  be  calculated  by  the 
density  functional  formalism  [23]  We  have  used  the 
results  of  Echenique  et  al.  [24]  to  calculate  the  stopping 
power  function  [14]  S;r^(b)/v  from  eq.  (4)  and  from  the 
channel  electron  densities.  In  fig.  1  we  show  the  electron 
density  and  the  stopping  power  function  for  boron  ions 
m  axial  and  planar  channels  in  silicon  The  values  of 
stopping  calculated  in  this  way  for  well-channeled  boron 
ions  in  .silicon  axial  channels  agree  very  well  with  Eisen’s 
[20]  experimental  results. 

The  average  electronic  stopping  in  the  channel  direc¬ 
tion  for  an  ion  entering  the  channel  at  an  angle  a  at  the 


Fig.  1.  Electron  density  and  stopping  power  function  for  boron 
ions  in  static  axial  (100)  and  planar  {110}  channels  in  silicon. 
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Fig  2.  Range  of  a  boron  ion  channeled  in  a  planar  {110} 
channel  in  silicon,  as  a  function  of  its  initial  angle  with  respect 
to  the  channel  axis,  calculated  with  eq.  (7)  (■;  initial  ion 
energy,  10  kev;  ••  initial  ion  energy,  70  keV).  The  solid  and 
dashed  lines  are  the  approximations  given  by  eq.  (8)  at  the 
same  initial  ion  energies. 


channel  center,  can  then  be  calculated,  by  assuming  an 
harmonic  oscillatory  motion,  from  [11,14]; 

S'n -'f]-  (5) 

Then  the  stopping  power  as  a  function  of  the  ion  energy 
IS  given  by: 


where  .W,  is  the  ion  mass.  From  this  value  of  the 
stopping  power,  the  range  of  a  channeled  ion  can  be 
roughly  estimated  as 

0<asi^,,.  (7) 

where  E  is  the  ion  energy  when  it  enters  the  channel. 
The  function  R(a.  E)  can  be  fitted  to  a  very  good 
approximation,  for  both  axial  and  planar  channeling,  by 
a  linear  equation  of  the  form 

«(«,£)= -/f£a+/?^,(£).  .  (8) 

as  is  shown  in  fig.  2,  where  R^^(E)  is  the  channeled 
ion  maximum  range,  corresponding  to  eq.  (7)  for  a  =  0. 
The  minimum  range  of  a  channeled  ion  will  then  be 
given  by  «„,„(£)  =  /?(!;/„  £). 

An  ion  entering  a  channel  at  an  angle  a  will  only 
have  a  range  R(a,  E)  if  it  is  initially  at  the  center  of  the 
channel.  Otherwise  it  will  have  closer  encounters  with 
the  channel  wa'ls  and  will  suffer  a  higher  stopping.  In 
particular,  an  ion  entering  the  channel  perfectly  aligned 


will  have  a  range  R^^^(E)  if  it  is  at  the  center  of  the 
channel  and  will  be  scattered  to  a  cntical  angle  trajec¬ 
tory  and  have  a  range  £„,„(£)  if  it  is  at  a  distance 
'niax(“)  ffoni  ^he  center  of  the  channel.  In  our  calcula¬ 
tion  we  have  assumed  a  uniform  range  probability 
distribution  between  £„„„(£)  and  £(«,  £)  for  an  ion 
entering  the  channel  at  an  angle  a.  Therefore  only  a  few 
ions  will  travel  a  distance  close  to  R^^^{E). 

Range  distributions  including  channeling  effects  are 
thus  calculated  as  follows:  after  an  ion  has  entered  the 
target,  its  trajectory  is  followed  as  in  the  standard 
TRIM  code.  After  each  elastic  collision  with  a  target 
atom,  the  direction  of  the  ion  motion  is  compared  with 
the  axial  and  planar  channel  directions  considered.  If  it 
is  close  to  any  of  them  within  its  critical  angle,  the  ion  is 
considered  to  be  channeled  (taking  into  account  the 
channeling  probabilities  discussed  above)  and  its  range 
within  the  channel  is  calculated  using  eq.  (8).  This  is 
added  to  the  ion  position  when  it  entered  the  channel 
and  the  final  ion  position  is  obtained.  As  the  range  of 
an  ion  that  enters  a  channel  is  calculated  analytically, 
the  computation  time  for  a  channeled  calculation  is 
lower  than  that  for  an  amorphous  TRIM  profile  de¬ 
termination. 


3.  Results 

We  have  calculated  range  distnbutions  for  boron 
ions  implanted  into  crystalline  silicon  lilted  7°.,  which  is 
one  of  the  most  common  situations  in  standard  im¬ 
plants  to  avoid  direct  ion  channeling  As  eq.  (7)  pro¬ 
vides  only  a  first-order  estimate  of  the  range  of  chan¬ 
neled  ions,  the  value  of  the  stopping  power  of  a  well 
channeled  ion  has  had  to  be  increased  by  a 

factor  1.7  m  eq.  (8)  in  order  to  obtain  a  good  agreement 
with  experiments.  The  value  of  A  in  eq.  (3)  is  not 
critical  because  it  determines  mainly  the  near  surface 
portion  of  the  channeling  distribution,  which  is  hidden 
under  the  main  amorphous  peak  [17].  Best  results  are 
obtained  with  a  value  of  A  that  makes  R^^„{E)  to  be 
near  zero. 

Especially  for  low-energy  implantations,  almost  all 
ions  are  aligned  with  a  planar  channel  within  the  cntical 
angle  at  some  time  of  their  trajectory.  This  means  that 
our  calculation  would  not  produce  the  random  peak  of 
the  range  distribution.  This  is  a  consequence  ol  neglect¬ 
ing  any  dechanneling  effects  in  our  model.  This  effect 
can  be  taken  into  account  by  reducing  the  probabilitv 
that  an  aligned  ion  enters  a  planar  channel  to  a  value 
lower  than  its  purely  geometrical  value  discussed  above. 

In  fig.  3  we  show  the  results  for  a  10  keV  boron 
implantation  into  7°  tilted  silicon  compared  with  ex¬ 
perimental  measurements  [25].  The  amorphous  calcula¬ 
tion  from  the  standard  TRIM  code  and  the  BTE  results 
of  Giles  and  Gibbons  [17]  are  also  shown.  It  can  be  seen 
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Fig  3  10  keV  boron  implanted  into  7°  tilted  silicon  with  a 
dose  of  IxlO'^cm"’.  Points:  experimental  result;  solid  line: 
this  work;  dashed  line:  BTE  result  of  Giles  and  Gibbons  [17]; 
dotted  line:  amorphous  calculation 


that  the  amorphous  calculation  is  very  different  from 
the  experimental  profile.  Our  result  shows  a  better 
agreement  in  the  tail  region  with  the  experimental  pro¬ 
file  than  the  BTE  calculation  for  a  7  °  tilted  target,  that 
follows  the  expenmental  well-aligned  (0°  tilt)  implanta¬ 
tion  profile  117). 

In  fig,  4  the  results  for  a  60  keV  boron  implantation 
into  7  “  tilted  silicon  are  shown,  and  are  compared  with 
experimental  results  [26]  and  the  amorphous  calcula¬ 
tion.  Our  result  follows  reasonably  well  the  experimen¬ 
tal  profile,  although  its  tail  region  tends  to  the  values 
expected  for  a  well-aligned  range  distribution. 


Fig.  4.  60  keV  boron  implanted  into  7°  tilted  silicon  with  a 
dose  of  2x10'^  cm"^.  Points:  experimental  result;  solid  line: 
crystalline  calculation;  dashed  line:  amorphous  calculation. 


It  should  be  noted  that  the  method  can  also  be 
applied  in  a  straightforward  way  to  multilayer  targets 
such  as  for  implantations  through  screening  oxides. 


4.  Conclusions 

Channeling  effects  in  ion  implantation  in  silicon 
have  been  calculated  by  using  a  modified  version  of  the 
TRIM  Monte  Carlo  code.  An  ion  is  considered  to  enter 
into  a  channel  when  it  is  aligned  with  the  channel 
direction.  The  range  of  the  ion  within  the  channel  is 
calculated  by  using  a  simple  model  based  on  a  local- 
density  approximation  and  density-functional  electronic 
stopping  results.  Computation  time  is  lower  than  that 
needed  by  the  standard  amorphous  TRIM  code.  Good 
agreement  has  been  obtained  with  low-energy  profiles 
implanted  into  1°  tilted  silicon.  Further  progress  can 
be  made  by  using  a  more  accurate  description  of  the 
range  of  channeled  ions,  including  dechanneiing  effects. 
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Molecular  complexes  on  implanted  surfaces:  unenhanced  surface 
Raman  study 

M.S.  Mathur,  J.S.C.  McKee  and  C.B.  Kwok 

Department  of  Physics.  University  of  Manitoba,  Winnipeg,  H3T  2S2,  Canada 

The  bombardment  of  surfaces  by  gaseous  ions  often  results  in  the  formation  and  adsorption  of  molecular  complexes 
Conventional  characterization  techniques  involving  low  energy  electron  beams  cause  desorption  of  these  complexes.  The  characteriza¬ 
tion  of  ion  implanted  surfaces  is  undertaken  at  the  University  of  Manitoba  in  association  with  the  University  of  Kentucky  by  the 
technique  of  unenhanced  surface  Raman  scattering  with  which  it  is  possible  to  identify  the  complexes  formed  as  a  result  of 
implantation  of  gaseous  ions  in  various  substrates. 


I.  Introduction 

The  bombardment  of  a  solid  surface  by  energetic 
ions  often  results  in  the  retention  of  some  of  the  inci¬ 
dent  ions  by  the  lattice  of  the  solid  target  In  under¬ 
standing  the  piocesses  involved  in  the  implantation  and 
post-implantation  behaviour  of  the  gaseous  atoms  in 
solids,  certain  assumptions  are  made' 

(1)  Collision  between  substrate  and  gaseous  atoms  are 
the  main  source  of  energy  loss,  and  this  transfer  of 
energy  results  in  some  damage  to  the  solid. 

(2)  Retention  and  release  are  governed  by  trapping  at 
the  damage  site  and  by  the  recombination  of  mole¬ 
cules  at  the  surface. 

(3)  Formation  of  new  molecular  complexes  on  the  im¬ 
planted  surface  is  due  to  the  rearrangement  of 
chemical  bonds. 

Conventional  characterization  techniques  involving  low 
energy  electron  beams  (SIMS,  Auger,  LEED,  etc.)  cause 
desorption  of  these  complexes  and  prove  somewhat 
ineffective  (complexes  formed  are  often  lost  before  the 
measurements  commence). 


2.  Experimental 

A  linear  ion  accelerator  employing  a  duo-plasmatron 
ion  source  is  used  as  a  30-120  keV  ion  implanter.  In 
order  to  ach'eve  good  vacuum  a  clean  environment  is 
maintained  around  the  target  area,  and  to  prevent  the 
deposition  of  pump  oil  a  liquid  nitrogen  cooled  jacket 
surrounds  the  target.  A  computer  controlled  beam  scan¬ 
ning  mechanism  is  used  to  deflect  the  ion  beam  across 
the  target  surface.  In  this  way  uniform  implantation  is 
achieved. 


Raman  studies  of  ion  implanted  samples  were  per¬ 
formed  using  a  surface  Raman  facility  at  the  University 
of  Kentucky.  The  samples  were  mounted  m  a  special 
mount  designed  to  eliminate  reflected  light  which  other¬ 
wise  would  enter  the  monochromator  (fig.  1),  and  the 
5145  A  line  from  an  Ar^  laser  is  allowed  to  illuminate  a 
small  part  of  the  implanted  area.  Using  the  standard 
90°  geometry  for  Raman  scattering,  scattered  radiation 
IS  collected  by  a  specially  designed  optical  collection 
system.  A  cylindrical  lens  is  used  to  transfer  Raman 
scattered  radiation  to  the  entrance  slit  of  a  Spex  1403 
0.85  m  double  monochromator.  ECG  and  OMA  data 
acquisition  systems  are  used  to  collect,  store  and  analyze 
the  Raman  activity  on  the  surface.  The  average  dark 
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Fig.  1.  Schematic  diagram  of  the  sample  mounting  arrange¬ 
ment  for  Raman  charactenzation. 
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noise  of  the  cooled  photomultiplier  durir  a  2  s  step 
was  on  the  order  of  2  counts.  Signals  significantly 
higher  than  the  background  mentioned  earlier  are  taken 
as  real. 

Inelastic  light  scattering  is  a  second-order  process  [1] 
and  the  corresponding  scattering  cross  section  is  quite 
small  (approximately  10  m^  molecule-steradian  typi¬ 
cally)  and  normally  the  counting  rates  for  the  absorbed 
species  are  prohibitively  small  for  routine  surface  stud¬ 
ies.  However,  with  a  system  dedicated  to  the  study  of 
Raman  spectra  from  low  polarizability  molecules  ad¬ 
sorbed  onto  a  poor  Raman  signal  enhancer  [2],  we  have 
been  successful  in  the  characterization  of  various  com¬ 
plexes  on  a  variety  of  surfaces. 


3.  Results  and  discussion 

3.1.  Graphite  surface  implanted  with  /)/  (30  keV  /)/, 
fluence  lO'^  ions /cm') 

The  Raman  activity  on  the  surface  of  the  implanted 
graphite  is  evidenced  by  the  presence  of  bands  at  208, 


225,  850,  890,  919,  990,  1034,  1046,  1060,  1085,  1095, 
1135,  1156,  1185,  1207,  1280,  1290,  1306,  1330,  1348, 
1495,  1530,  1550  and  1560  cm"’  as  shown  in  fig.  2a-i. 
It  is  true  that  all  these  bands  are  very  weak  and  require 
very  patient  and  special  attention,  but  nonetheless  they 
are  there.  Dark  noise  during  the  2  s/step  is  of  the  order 
of  five  counts.  Only  those  signals  significantly  higher 
than  the  dark  noise  level  are  considered.  The  presence 
of  two  Raman  bands  at  1550-1560  cm”'  and  1348 
cm"’  indicates  that  the  surface  is  polycrystalline  in 
nature,  which  can  be  expected  from  the  ion  bombard¬ 
ment  on  graphite  surface.  Tunistra  and  Koening  [3] 
have  reported  a  polycrystalline  band  at  1355  cm"'  and 
have  attributed  it  to  the  particle  size  effect,  which 
results  in  a  change  in  the  selection  rule  for  Raman 
activity  of  certain  phonons  that  were  inactive  in  the 
infinite  lattice.  In  other  words,  the  1348  cm"’  band  is 
due  to  A,g  mode  of  small  crystallites  or  to  the 
boundaries  of  large  crystallites.  T'-.z  1550-1560  cm”' 
doublet  is  characteristic  of  crystallinity  in  graphite.  The 
C-C  stretching  vibration  in  hydrogen  ion  and  deu¬ 
terium  ion  implanted  graphite  occur  around  993  and 
852  cm"’  respectively  [4]  and  our  990  and  850  cm"' 


|im,  and  exit  slit  100  (im.  For  (a)-(c)  the  laser  power  was  800  mW  and  for  (dl-(i)  the  laser  power  was  950  mW. 
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Raman  bands  aie  in  close  proximity.  Additional  bands 
at  208,  225,  865,  890,  919  and  1055  cm'’  suggest  the 
possibility  of  some  other  complexes  of  the  type  CiH^ 
and  CjDg  being  formed  where  C-C-C  bending  and 
twisting  vibrations  occur  below  500  cm’’,  Pitzer  (5)  has 
reported  one  such  band  at  202  cm"'  and  the  208-255 
cm''  doublet  in  our  study  is  m  good  agreement  with  it. 
C-C  stretching  vibrations  occur  around  900  cm“'  in 
such  complexes  and  the  observed  865  and  890  cm“' 
Raman  bands  could  be  assigned  to  these  stretchings. 
The  region  between  900-1200  cm''  is  where  most  of 
the  CH,  and  CHj  (or  CD,  and  CD;)  rocking  and 
twisting  vibrations  are  expected  to  be  active,  the  919 
and  1060  cm“'  bands  in  our  study  are  certainly  well 
vMthin  this  region  of  activity.  Thus  we  have  been  able  to 
detect  the  adsorbed  carbon-hydrogen  complex  on  the 
surface  by  the  surface  Raman  technique  [6]. 

.1  2  Silicon  surface  bombarded  with  '^0/  and  '''Ns*  (30 
keV’  "'Of  and  ' '' N ,  fluence  lO'^  lons/cm') 

The  bombardment  of  crystalline  silicon  by  a  heavy 
dosage  of  ions  (>  10'^  lons/cm’)  results  in  the  forma¬ 
tion  of  a  thin  continuous  layer  of  amorphous  silicon 
(a-Si)  on  the  crystalline  surface  as  is  evidenced  by  the 
pre.sence  of  a  crystalline  silicon  peak  at  522  cm  '  as 
well  as  an  a-Si  peak  at  480  cm''  in  the  Raman  spec¬ 
trum  This  combination  of  amorphous  and  crystalline 
silicon  has  been  subjected  to  both  '^Oj*  and 
bombardment,  and  the  surface  Raman  spectra  of  '‘’O;* 
and  '■’N;*  implanted  silicon  are  displayed  in  fig  3a-h 
The  405  and  522  cm''  Raman  bands  confirm  the 
existence  of  an  amorphous  silicon  layer  on  the  crystal¬ 
line  silicon  surface.  Our  308  cm'  '  Raman  band  is 
equivalent  to  the  300  cm  '  longitudinal  acoustical  (LA) 
mode  of  a-Si  as  observed  by  Smith  et  al.  [7].  The  615 
and  983  cm " '  bands  are  the  overtones  of  308  and  485 
cm  '  Raman  bands  respectively  The  IR  spectra  of 
'‘*N2  and  implanted  silicon  indicates  two  absorp¬ 
tions  at  1036  and  800  cm“'  [8'  \,'hich  xere  attributed  to 
Si-0  and  Si-N  stretchings  in  the  lon  beam  synthesized 
SiO;  and  SiiN4  layers  In  our  study  these  stretchings 
appear  at  1055  and  832  cm' confirming  the  presence 
of  both  SiO;  and  Si,N4  on  the  "’O;^  and  im¬ 

planted  silicon  surface.  The  bombardment  of  p-type 
silicon  with  '^O;^  anj  '“'N;*  results  not  only  in  the 
formation  of  an  amorphous  silicon  layer  but  in  various 
complexes  of  silicon,  oxygen,  and  nitrogen  in  addition 
to  the  complexes  of  boron,  oxygen  and  nitrogen  (as 
evidenced  by  the  pre.sence  of  740  cm~'  totally  symmet¬ 
ric  and  1480  cm''  asymmetric  longitudinal  vibration  of 
linear  BO;'  as  well  as  1378  cm''  strong  Raman  band 
due  to  BN  ■),  boron  being  th<;  p-type  impurity  in  the 
silicon.  The  simultaneous  formation  of  SiO;  and  Si,N4 
supports  the  synthesis  of  an  oxinitnde  Si,0,N.  layer. 
Complexes  of  the  type  SiO;',.  B;^);.  BO;'  and  BN' 
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Fig  4.  Raman  .spectrum  of  a  60  keV  H;  bombarded  surface  of 
TiC  The  entrance  slit  width  was  80  (im.  intermediate  slit  80 
pm,  and  exit  slit  80  pm  Laser  power  was  500  mW  Total  data 
acquisition  time  was  6  h  comprising  multiple  scans  with  2  s 
steps. 


have  also  been  detected  in  the  surface  Raman  spectrum 
shown  in  fig.  3.  In  addition,  the  synthesis  of  NO;'  and 
its  adsorption  on  the  silicon  surface  has  been  demon¬ 
strated  [9] 

3.3  Carbon-hvdrogen  activity  on  a  TiC  surface  implanted 
with  H/  (60  keV  Hf,  fluent  e  lO''  ions /cm') 

Presented  in  fig  4  is  the  Raman  .scattered  signal 
accumulated  over  a  period  of  6  h  from  the  surface  of 
TiC  bombarded  with  60  keV  H;  to  a  fluence  of  lO'^ 
lons/cm’  A  doublet  with  its  component  Raman  bands 
at  3270  and  3372  cm  ' '  is  the  observed  Raman  signal. 
Gaseous  methane  (CH4)  has  been  studied  extensively 
(lOj  and  the  Raman  spectrum  is  known  to  contain  two 
active  fundamentals  at  2914.2  and  3022,0  cm' '.  Denni¬ 
son  [11]  also  calculated  the  zero-order  frequencies  from 
the  observed  fundamentals.  He  obtained  for  CH4  (in 
cm  ')  10=  3029.8  and  10;  =  3156.9,  respectively.  Ra¬ 
man  bands  observed  by  us  have  slightly  higher  shifts 
than  the  Raman  bands  of  pure  CH4  gas.  Then,  too,  the 
CH4  adsorbed  on  a  TiC  surface  with  dissociated  Ti 
atoms  in  the  vicinity  is  different  from  an  isotropic  CH4 
gas.  It  IS  likely  that  in  our  situation  some  impedance  is 
offered  to  the  CH4  molecules  in  their  vibration,  and 
this  in  turn  can  result  in  the  damping  of  the  vibrational 
fu-quencies.  Fournier  et  al.  [12]  suspect  that  H  being 
chemically  active  links  to  Ti.  but  the  affinity  of  carbon 
for  hydrogen  is  well  known  and  the  possibility  of  C-H 
bonding  is  much  stronger.  Our  observations  confirm 
this  fact  and  suggest  that  the  rearrangement  of  chemical 
bonds  between  the  impinging  hydrogen  ions  and  the 
dissociated  carbon  atoms  at  the  TiC  surface  rc.sults  in 
the  formation  of  carbon-hydrogen  complexes. 

T  he  above  observations  ^.1  arly  illustrate  the  versatil¬ 
ity  of  the  iinenhanced  surface  Raman  scattering  tech¬ 
nique  in  the  detection  and  ciiaracterization  of  various 
complexes  formed  on  the  implanted  surfaces. 
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We  have  developed  a  new  method  to  determine  depth  distributions  of  implanted  ions,  recoiled  target  atoms  and  energy  deposition 
in  amorphous  targets.  Our  procedure  is  based  on  the  direct  numerical  solution  of  one-dimensional  linearized  Boltzmann  transport 
equations  for  the  scalar  fluxes  of  the  ions  and  the  recoils  The  profiles  calculated  by  the  new  method  are  compared  with  range 
distnbutions  obtained  from  TRIM  Monte  Carlo  simulations.  Our  program  BOTE  is  up  to  two  orders  of  magnitude  faster  than  the 
TRIM  calculations. 


1.  Introduction 

In  the  framework  of  the  linear  cascade  theory  [IJ  the 
ballistic  processes  occurring  in  solids  dunng  ton  implan¬ 
tation  are  described  by  two  alternative  procedures;  (i) 
"static”  Monte  Carlo  simulations  (e.g.  TRIM  [2])  and 
(ii)  linearized  Boltzmann  transport  equations  (LBTE) 
[1,3  -4],  The  LBTE,  are  linear  partial  integro-differential 
equations  for  the  .statistical  distribution  functions  of  the 
particles  moving  in  ion -beam-induced  collision  cascades. 
The  method  of  the  LBTE  is  not  so  general  and  versatile 
as  the  Monte  Carlo  simulations.  However,  it  yields  ion 
range  distributions,  recoil  range  profiles,  etc.  by  the 
solution  of  equations,  not  by  statistical  experiments. 
Therefore,  in  many  applications  the  computing  time  is 
shorter  than  in  the  ca.se  of  Monte  Carlo  simulations. 

In  the  last  ten  years  several  methods  for  a  direct 
calculation  of  the  profiles  by  the  LBTE  have  been 
proposed  [5-10].  Most  of  the  works  consider  a  one-di¬ 
mensional  geometry.  In  contrast  to  the  well-known 
LSSfWSS)  theory  [11,12]  which  yields  the  .statistical 
moments  of  the  range  and  damage  distributions,  these 
proceduies  can  be  applied  to  multilayer  targets  fre¬ 
quently  used  in  modern  ion  beam  technologies. 

In  section  2  of  the  present  work  the  general  form  of 
the  one-dimensional  LBTE  is  briefly  elucidated.  In  sec¬ 
tion  3  we  develop  a  new  efficient  method  to  calculate 
the  depth  distnbutions  of  implanted  ions,  recoiled  target 
atoms  and  energy  deposition  by  direct  numerical  solu¬ 
tion  of  the  LBTE.  This  procedure  is  applied  to  char¬ 
acteristic  examples  of  ion  implantation.  The  results  are 
compared  with  profiles  obtained  from  TRIM  Monte 
Carlo  simulations  (section  4). 


2.  Onc-dimensional  Boltzmann  transport  equations 

In  the  case  of  a  one-dimensional  planar  geometry 
with  normally  incident  ions,  the  statistical  distribution 
function  of  the  particles  depends  only  on  three  varia¬ 
bles:  (I)  the  depth  coordinate  \.  (ii)  the  energy  E  and 
(111)  the  cosine  of  the  angle  $  between  the  direction  of 
motion  of  the  particles  and  the  A-axis.  tj  =  cos  6  The 
LBTE  for  the  scalar  flux  /,( x,.  £.  t;)  of  the  ions  is  given 
by 

»,(3/,/a.t)  =  /,(;,)  =  /,„,(/,)  +  /,„:(/,)  +  /,e(  A). 

(1) 

/i  consists  of  three  parts.  The  first  term  describes  the 
elastic'  atomic  .scattering  for  energy  transfers  T  above  a 
certain  threshold 

/i„i(/i)  =  ^/,  dan(^'-e..n'-^) 

Jt  >  I 

*  '  min 

A  4  /  '  -  A  ' 

X/l(-V,  £'„  v’) 

~Nf  doif  (£■-*£'',  T) I)’’ ) 

I.  *  l.  +  T  '• 

Xfi{x,E,-n).  (2) 

N  and  doi-p  are  the  particle  density  of  the  target  atoms 
and  the  differential  scattering  cross  section  of  the  colli¬ 
sions  between  the  incident  ions  and  the  target  atoms, 
respectively.  The  first  and  the  second  integral  in  eq.  (2) 
are  called  “gain”  and  “loss”  terms,  respectively.  For 
“soft”  atomic  collisions  with  energy  transfers  below 
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Tmin.  the  change  of  the  direction  of  motion  of  the 
projectiles  can  be  neglected.  In  this  case  we  obtain 

4.2(/.)  =  (9/9^^)[^\(7'm,n-  £)/■]. 

E)  =  j  do„{E'^E)r.  (3) 

•'7'  <  T 
•  *  niin 

E+T'-E'' 

The  electronic  stopping  acts  as  a  continuous  friction 
force,  lic(fi)  is  given  by 

/>.(/.)  =  (9/9^)[^5.(£)/,],.  (4) 

where  is  the  electronic  stopping  cross  section.  /,„2 
and  /,5  are  so-called  “drift”  terms.  The  scalar  flux  /, 
must  obey  the  following  boundary  condition: 


of  nuclear  energy  deposition  Fi,„(x)  is  determined  by 
eq.  (8),  inserting 

D(E,  1,) 

=  iV/  da,T(£'-£)<7(7’')(dx/|i}|).  (9) 

A  certain  part  of  the  energy  transfer  T'  of  the  particles 
contributes  to  nuclear  energy  deposition.  It  can  be 
obtained  by  the  known  approximation  of  Robinson 
[13]: 

q{T’)  =  r'/(l  +  +  0.4ey''  +  3.4£'/')).  (10) 

A:d  =  0.1334Zy^m^'/^.  £^  =  0.010242^^/^',.  (11) 


7,^0:  /,(0,  £,,i,)-5(7,-1)5(£-£o), 

T}<0:  /,(oo,,  £,,7))=0. 

Eq  is  the  incidence  energy  of  the  ions.  S  denotes  Dirac’s 
delta  function.  The  LBTE  for  the  scalar  flux  /t(x,  £,.  t/) 
of  the  target  atoms  is  similar  to  that  of  the  ions. 
Additionally,  this  LBTE  contains  a  “source”  term  which 
describes  the  generation  of  moving  target  atoms  by 
collisions  with  incident  ions. 

The  ion  range  distribution  £|(x)  and  the  recoil 
range  profile  £t(->c)  can  be  determined  using  the  solu¬ 
tions  /|  and  /t  of  the  LBTE  for  the  ions  and  the  target 
recoils,  respectively: 

f  E,  v) 

Fi  ( .X )  =  htn  - - ,  (6) 

J  d.x  dTj/i(jf,  £,  1]) 

/  dv/rix,  £,.  ■i))(m-r/m,)'''^ 

Fj(x)=  hm  ^ ; - .  (7) 

■“*  '*  J  dx  di//i(x,  £,  T)) 

Below  the  cutoff  energy  £^-  we  assume  the  particles  to 
be  stopped,  rtti  and  mj  are  the  masses  of  the  ion  and 
the  target  atom,  respectively.  If  we  neglect  the  energy 
transport  by  the  recoiled  target  atoms,  the  profiles  of 
energy  deposition  Fo(x)  are  obtained  from 

J  Z)  (  £ ,,  T) )  ( /i  ( X  ,■  £ .  1) )  1  n  I  )  d  £  d  T) 

Fo(x)  =  Eo- - . 

jD{E,  7i)(/i(x,  £,  1?)  |i?l)  d£  dT?  dx 

(8) 

where  D(E,  q)  denotes  the  energy  deposition  of  a  par¬ 
ticle  moving  with  an  energy  between  £  and  £  +  d£ 
and  a  direction  cosine  between  rj  and  ij  +  dij  within  the 
depth  interval  dx.  The  number  of  particles  incident  in 
that  depth  interval  is  given  by  /|(x,  £,  7))|T/(d£  drj. 
Therefore,  //)(£,  ijX/i(x.  E,  T))|7j|)d£  dij  is  propor¬ 
tional  to  the  whole  energy  deposition  in  dx..  The  profile 


where  Z^-  is  the  atomic  number  of  the  target.  The 
distribution  of  the  electronic  energy  deposition  £ue(x) 
IS  calculated  by  eq.  (8)  using 


D(£,  T))  =  .V 


+  /  „  do,T(£'-£)(r'-<?(7’')) 

X(dx/|T,|).  (12) 

The  relations  (1)-(12)  can  be  easily  generalized  to  mul¬ 
ticomponent  and  multilayer  targets.  In  the  latter  case, 
the  particle  density  and  the  differential  scattering  cross 
section  -  as  functions  of  the  target  atomic  number  and 
mass  -  show  discontinuities  at  the  interface  between  the 
two  layers. 


3.  Direct  numerical  solution 

In  the  last  decade  several  methods  for  solving  the 
one-dimensional  LBTE  have  been  published.  A  short 
overview  is  given  in  refs.  (1,3).  In  general  these  methods 
are  either  special  approximation  procedures  which  p-e. 
employed  to  treat  the  LBTE  in  particular  cases  [8,9]  or 
numerical  calculation  schemes  denved  in  a  more  or  less 
intuitive  way  [5-7] 

Our  aim  was  to  develop  a  new  method  of  solution 
which  satisfies  the  following  conditions:  (i)  It  is  based 
on  a  consistent  derivation  from  the  LBTE..  (ii)  The 
method  not  limited  to  a  special  class  of  ion-target 
combinations  or  to  a  certain  range  of  implantation 
energies,  (iii)  The  procedure  is  applicable  to  multicom¬ 
ponent  and  m.ultilayer  targets,  (iv)  The  method  yields 
ion  range  distributions,  profiles  of  recoil  implantation 
and  energy  deposition  distributions,  (v)  The  numerical 
solution  of  the  LBTE  for  the  scalar  fluxes  of  the  inci¬ 
dent  ions  and  the  target  recoils  is  performed  directly 
using  an  explicit  iteration  scheme  with  finite  dif¬ 
ferences. 
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In  the  following  we  elucidate  some  details  of  our 
procedure.  At  first  we  consider  the  LBTE  for  the  scalar 
flux  /,  of  the  incident  ions.  In  general,  the  differential 
scattering  cross  section  dO|x  in  the  first  integral  of  eq. 
(2)  (“gain”  term)  is  written  in  the  following  form: 

do,T(£'-£, 

=  dO|T(£’  E)S{e'e  —  cos  £)) 

Xdi)'  d<p'/4'iT.  (13) 

The  differential  cross  .section  da|-j-(£'  -•  £)  is  given  by 
do,T(  £'  -  £)  =  valfit''^^)/(2t'^'^)  dt\.  (14) 
with 

t'^(clE'T')/y.  £'  =  £+£', 

Cl  =  a^mj/{ZiZje^(mi  +  ntj))  and 

y  =  4m,nij/{mj  +  ntyf.,  (15) 

where  Z|  is  the  atomic  number  of  the  projectile.  Differ¬ 
ent  relations  for  the  screening  length  and  the  scatter¬ 
ing  function  /  are  known  for  special  interatomic  poten¬ 
tials.  In  the  delta  function  of  eq.  (13),  e'  and  e  are 
vectors  characterizing  the  directions  of  motion  of  the 
projectile  before  and  after  the  collision,  respectively. 
The  scalar  product  e'  •€  must  be  equal  to  the  cosine  of 
the  laboratory  scattering  angle  &  which  is  a  known 
function  of  £  and  T'. 

The  product  e'-e  does  not  depend  only  on  the 
direction  cosines  t]'  of  e''  and  tj  of  e  with  respect  to  the 
x-axis  but  also  on  the  azimuthal  angle  <jp'.  Since  in  the 
first  integral  of  /|ni(/i)  the  scalar  flux  depends  on  ij' 
but  not  on  <p\t  one  has  to  integrate  the  delta  function 
with  respect  to  tp'.  We  succeeded  in  performing  the 
integration  analytically  by  the  solution  of  a  spherical 
trigonometry  problem.  This  was  the  crucial  step  in  the 
elaboration  of  our  new  method  of  direct  numerical 
solution.  The  result  of  somewhat  lengthy  calculation  is 
[14] 

a(£,.  T),  £',  V) 


=  f  5(e' •  e  -  cos  d(  £',£))  d<p'/2'iT 
•'o 

=  j^sin  d(l  —  1]'^) +  7j  -  Tj' cos  dj 
xtf  |sin  #(l  - 1)'^)  -  7) -f  ij' cos  dj  j 

X  |'tr[sin^d(l  -  -  (i)  -  ij' cos  d)^]  ^  j  , 

(16) 


8  denotes  the  Heavyside  theta  function.  Finally,  we 
obtain  the  following  expression  for  Anl(/l)’ 

p,„l<v/(i-y))r. 

X  f  drj'  a(E,  r].~  E  +  T',-  ■»)')/i(x..  £  -f  £',  t|') 
■'-1 


CxCjE 

y 


fit"''') 

(2,  "3/2) 


Mx.E. 


7)). 


(17) 


with  Cx  =  ira^yiV. 

The  expression  /in2{/i)  can  be  transformed  into 


/t„2(/i)  =  (Cx/CE)(0/9£) 


X  [(WYf  )‘^'5„(CH(£r„„„/Y)'''^) 
x/,(.t.  £,„)].  (18) 

The  function  £„  is  the  reduced  (dimensionless)  nuclear 
stopping  cross  section  [2). 

The  LBTF.  for  the  scalar  flux  of  the  target  recoils  can 
be  treated  in  a  similar  manner.  In  particular  we  have  to 
consider  the  “source”  term  describing  the  generation  of 
moving  target  atoms  by  the  energy  transfer  from  inci¬ 
dent  ions.  The  generalization  to  multicomponent  targets 
leads  to  further  “source”  terms  characterizing  the  gen¬ 
eration  of  target  recoils  of  a  given  sort  by  moving  target 
atoms  of  another  type. 

Similar  to  other  methods  for  solving  the  LBTE  in 
this  work,  we  only  consider  the  motion  of  particles  with 
ijSO  (“forward”  direction).  Particles  with  i/<0  are 
assumed  to  be  stopped.  Since  the  direction  of  ion  inci¬ 
dence  is  Tj  =  1,;  this  approximation  is  mostly  sufficient 
to  calculate  ion  range  dtstributions.  It  can  also  be  used 
in  the  evaluation  of  profiles  for  the  recoil  implantation 
in  layered  targets,  since  these  profiles  are  mainly  de¬ 
termined  by  high-energy  recoils.  The  scalar  flux  of  the 
high-energy  recoils  shows  a  dependence  on  tj  which  is 
similar  to  that  of  the  scalar  flux  of  me  incident  ions 
[15).  In  the  case  of  the  implantation  of  light  ions  into 
very  heavy  targets,  e.g.  B"^  into  Au  on  Si,  the  above 
approximation  is  not  applicable.  Then,  the  so-called 
“multipass"  method  [6,1]  must  be  employed.  In  this 
procedure  the  motion  of  the  particles  with  t;  <  0 
(“backward”  direction)  is  taken  into  account  approxi¬ 
mately. 

Wi'h  the  approximation  mentioned  above  and 
(/,)  from  eq.  (17),  /,„2(/i)  from  eq.  (18),  /|c(/i)  from 
eq.  (4)  and  similar  terms  for  the  LBTE  for  the  scalar 
flux  of  the  recoils,  the  further  numerical  treatment  is 
evident.  We  have  developed  the  computer  program 
BOTE  (Boltzmann  Transport  Equations)  using  an  ex¬ 
plicit  iteration  scheme  with  finite  differences  Ax,  A£ 
and  Atj  with  =  Eq  =  A7’=  A£.  The  stability  of  the 
iteration  is  determined  by  the  “drift”  terms.  If  the 
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electronic  stopping  dominates,  A£  and  Ajc  have  to  be 
small  to  give  sufficiently  precise  results.  However,  this 
may  lead  to  a  considerable  computing  time  since  for 
every  depth  step  Aat  the  “gain”  and  the  “source"  terms 
must  be  calculated  by  numencal  integrations  with  re¬ 
spect  to  E  and  i).  To  save  computing  time  we  employ 
the  following  procedure:  The  calculations  are  per¬ 
formed  on  a  three-dimensional  point  grid  (.v.  £,  tj) 
with  a  “fine  structure"  characterized  by  Aa,  A£  and  A^ 
and  a  “coarse  structure”  characterized  by  8a  =  w,Aa. 
8£  =  ntf  ^E  and  Arj.  A  new  calculation  of  the  integrals 
IS  earned  out  only  at  the  points  of  the  “coarse  structure”. 
A  further  method  to  save  computing  time  is  the  use  of 
variable  depth  steps  Ax.  They  are  chosen  as  functions 
of  the  “friction”  forces  in  the  “drift”  terms.  Typical 
values  used  in  our  calculations  are  Ax:  100-10000 
intervals,  A£:  10-200  intervals,  Aij;  5-20  intervals, 
m^\  1-50  and  1-20. 


4.  Results  and  discussion 

Figs,  la  and  b  show  ion  range  and  energy  deposition 
distributions  obtained  from  direct  numerical  solution  of 
the  LBTE  by  the  program  BOTE  (curves)  and  from 
TRIM  Monte  Carlo  simulations  (histograms).  For  both 
procedures  we  have  used  similar  phy.sical  inputs.  In 
particular,  the  nuclear  atomic  scattering  is  described  by 
the  “universal”  potential  [2]  and  the  electronic  energy 
loss  is  given  by  the  combination  of  the  Lindhard-Scharff 
and  the  Beihc  -Bloch  formulae  [2].  In  the  calculation  of 
the  energy  deposition  profiles  (fig.  lb)  we  have  assumed 
that  the  energy  transport  by  the  target  recoils  can  be 
neglected.  The  agreement  of  the  distributions  calculated 
by  BOTE  with  the  histograms  simulated  by  TRIM  is 
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Fig.  2.  Recoil  range  profile  (Co  in  Si)  for  150  keV  Ar* 
implantalion  (lO"  cm  •)  into  Co  (520  A)/Si,  Experimental 
data  from  ref.  [17] 


rather  good  In  fig.  la  experimental  data  from  the 
literature  are  shown  for  compari.son  [16].  Fig.  2  il¬ 
lustrates  an  example  of  recoil  implantation  The  agree-- 
ment  between  the  curves  obtained  by  BOTE,  with  tlie 
histograms  calculated  by  TRIM  and  with  the  experi¬ 
mental  data  [17]  is  satisfactory  Using  our  program 
BOTE  we  can  easily  calculate  the  concentration  profile 
over  .seven  orders  of  magnitude.  In  the  ca.se  of  the 
TRIM  program  this  is  only  po.ssible  by  a  time-consum¬ 
ing  simulation  of  10'’  to  IC^  particle  histones.  In  the 
examples  discussed  above,  the  program  BOTE  is  about 
10  to  1(X)  times  faster  than  corresponding  TRIM  simu¬ 
lations  with  10000  particle  histories.  Further  examples 
of  range  distributions  calculated  by  BOTE  are  given  in 
refs.  [3.4], 
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5.  Conclusions 

A  new  effective  and  general  method  to  calculate 
one-dimensional  ion  range  distributions,  profiles  of  re¬ 
coiled  target  atoms  and  energy  deposition  distributions 
by  direct  numerical  solution  of  the  one-dimensional 
LBTE  have  been  proposed.  The  method  has  two  ad¬ 
vantages;  (i)  It  is  based  on  a  consequent  derivation 
from  the  LBTE,  and  (ii)  it  is  not  limited  to  special 
applications.  The  procedure  is  up  to  two  orders  of 
magnitude  faster  than  TRIM  Monte  Carlo  simulations. 
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The  introduction  by  ion  bombardment  of  atomic  species  (“impurities”)  into  a  substrate  can  be  performed  in  direct  (or  ion 
implantation)  and  indirect  modes.  The  indirect  or  recoil  implantation  mode  involves  generating  an  impurity  layer  on  top  of  the 
substrate,  and  bombarding  the  sample  with  some  energetic  ions.  'In  the  dynamic  recoil-mixing  mode  one  compensates,  via 
simultaneous  deposition  of  impurity  atoms,  the  erosion  of  the  surface  layer  by  sputtering.  We  shall  analyze  the  static  and  dynamic 
recoil-mixing  modes  with  a  theoretical  formalism  that  describes  the  impurity  and  matrix  concentration  depth-profile  evolution  with 
bombarding  ion  fluence,  accounting  for  atomic  mixing,  surface  erosion,  surface-bamer  effects  and  matrix  relaxation.  The  potentiality 
of  the  theoretical  approach  to  obtain  detailed  recoil-mixing  profiles  and  yields  will  be  shown. 


1.  Introduction 

Tha  implantation  of  atomic  species,  which  we  shall 
Ci-ll  the  mpuntie-,  into  a  substrate  can  be  performed  in 
d'rect  and  indirect  inodes.  The  direct  mode  of  implanta¬ 
tion  requires  the  possibility  to  generate  an  impurity  ion 
beam.  The  indirect  or  recoil  implantation  mode  of  oper¬ 
ation  involves  producing  an  impurity  layer  on  top  of  the 
substrate.  Bombarding  the  sample  with  some  energetic 
(usually  inert)  ions  produces  then  the  desired  impurity 
implantation  effect.  This  constitutes  the  static  recoil 
implantation  or  recoil-mixing  mode. 

A  dynamic  improvement  over  conventional  recoil 
implantation  was  introduced  by  Colligon  et  al.  (1-3) 
and  also  investigated  by  other  groups  [4,5],  In  this 
mode,  the  erosion  of  the  surface  layer  by  spatteri'  g  is 
compensated  via  simultaneous  deposition  of  the  impur¬ 
ity  atoms,  so  that  the  impurity  layer  thickness  remains 
constant  at  all  ion  fluences.  The  technique  is  known  as 
dynamic  recoil  mixing  (DRM).  We  shall  stick  to  that 
terminology  in  this  communication,  although  dynamic 
recoil  implantation  might  be  preferred  [6]  if  one  leaves 
the  term  mixing  for  the  (more  general)  atomic  reloca¬ 
tion  processes  and  implantation  for  a  specific  applica¬ 
tion. 

The  pros  and  cons  of  the  DRM  technique  in  com¬ 
parison  with  direct  ion  implantation  or  with  the  static 
mode  have  been  discussed  at  length  and  proven  experi¬ 
mentally  [1-3].  In  brief,  recoil-mixing  profiles  usually 
peak  at  the  surface  and  decrease  monotonically  away 
from  it.  In  contrast,  direct  ion  implantation  profiles 
have  a  more  or  less  Gaussian  shape  [7].  Furthermore, 
less  irradiation  damage  is  obtained  in  the  dynamic  than 
in  the  static  indirect  mode  of  implantation.  However,  an 
etching  of  the  remaining  surface  layer  may  be  required 


before  the  recoil-implanted  sample  is  used.  The  DRM 
technique  has  been  used  to  evaluate  mixing  parameters 

[8]  and  also  in  adhesion  studies  of  films  to  substrates 

[9] .  The  static  recoil-mixing  mode  is  usually  employed 
with  higher  energy  ions  and  larger  layer  thicknesses 
(=  50-100  keV,  100-700  A)  than  the  dynamic  mode 
( *  5  keV.  25  A).  Estimates  of  static  recoil-mixing  pro¬ 
files  and  yields  are  available  [10,11].  Theoretical  efforts 
to  quantify  and  parameterize  the  DRM  technique,  how¬ 
ever.  have  concentrated  on  computer  simulations  of 
transmission  sputtering  [2,8,12]. 

We  shall  study  the  dynamic  and  static  recoil-mixing 
techniques  using  a  powerful  theoretical  formalism  (13- 
17]  that  accounts  for  concenfation  depth-profile  evolu¬ 
tion  with  ion  fluence  in  irradiated  polyatomic  targets, 
including  atomic  relocation  by  collisional  mixing, 
sputtering  depletion  of  the  target,  surface-barrier  effects 
and  homogeneous  matrix  relaxation.  Recoil  concentra¬ 
tion  profiles  and  recoil  yields  in  both  static  and  dy¬ 
namic  configurations  shall  be  obtained  via  numerical 
solution  of  the  appropriate  integro-differential  equa¬ 
tions.  The  model  can  equally  be  applied  to  analyze  ion 
assisted  deposition  during  ion  bombardment  [18], 

Next  we  briefly  set  the  theoretical  stage,  and  in 
section  3  we  present  and  discuss  some  results.  The 
model  used  in  the  calculations  is  applicable  in  situations 
where  temperature-dependent  effects  are  not  expected 
to  contribute  significantly  to  the  mixing  profiles. 


2.  Model 

The  balance  equation  derived  in  ref.  [1j]  for  the 
evolution  with  ion  fluence  of  the  composi'ion  of 
sputtered  polyatomic  targets,  has  been  used  to  analyze 
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desorption  by  ion  bombardment  [14]  and  depth  profil¬ 
ing  via  sputtering  [15],  The  formalism  is  explained  in 
detail  elsewhere  [16],  so  here  we  only  give  the  back¬ 
ground,  The  effect  of  atomic  species  relocation  by  ion 
bombardment  is  contained  in  the  relocation  operators 
L,  [13,16,17].  These  are  expressed  [19,20]  in  terms  of  the 
relocation  cross  section  do,(.v,  z),  which  is  defined  [19] 
so  that  A<])  do,(x,  z)  is  the  probability  that  an  atom  of 
species  I  is  relocated  from  a  depth  x  in  the  target,  to  a 
layer  (x  +  z,  dz)  after  an  ion  fluence  A<fi.  In  refs.  [14,17] 
one  can  find  the  relocation  operators  L,  specified  for 
the  contribution  of  cascade-mixing  and  recoil-iruxing 
processes.  The  recoil-mixing  mechanism  describes  the 
relocation  of  impurity  and  substrate  atoms  in  direct 
collisions  with  incident  ions.  The  cascade-mixing  mech¬ 
anism  refers  to  the  relocation  of  atoms  participating  in 
cascades  developed  in  the  target  by  energetic  ions  and 
energized  recoils.  We  use  analytical  expressions  for  the 
relocation  cross  section  [13,16,21], 

Consider  a  bilayer  system  consisting  of  a  layer  of 
material  1  and  thickness  X,  on  top  of  a  substrate  of 
material  2.  The  plane  x  =  0  is  always  kept  at  the  target 
surface.  Let  a,  and  aj  be  the  fractional  volume  con¬ 
centrations  of  species  1  and  2  in  the  target.  They  are 
given  by  a,  =  in  terms  of  the  effective  atomic 
volume  12,  and  the  atomic  density  N,  associated  with 
the  species  i.  The  variation  of  these  concentration  at 
each  depth  x  and  each  ion  fluence  </),  after  a  fluence 
increment  A<{),  can  be  expressed  as  [13]: 


Aa,(x..  <(>)  =  A(/){  L,a,(x,  <f>) 

a,(x,  <j))  [  dx'/i(x',  <#.) 

•'ll 


3 


+  n  6(x)5,, 


(1) 


where  i  =  1  or  2,  fi(x)  is  Dirac’s  delta,  8,j  is  Kronecker’s 
delta,  and  /i(x,,  <(>)  is  a  relaxation  function  to  be  speci¬ 
fied  below.  The  first  term  in  the  RHS  of  eq.  (1), 
L,a,(x,  i#>),  describes  atomic  relocation  by  collisional 
mixing;  the  second  term  accounts  for  surface  recession 
due  to  sputtering  and  homogeneous  target  relaxation; 
and  the  last  term  in  this  equation  takes  into  account  the 
simultaneous  deposition  of  impurity  material  (fi,i)  over 
the  target  (S(x)),  while  one  bombards  the  solid  with 
energetic  ions.  This  is  a  source  term,  accounting  for  the 
eventual  replenishment  of  the  impurity  material  as  the 
surface  is  eroded.  The  surface  erosion  speed  v  is  defined 
as  the  surface-layer  thickness  eroded  per  unit  fluence, 
V  =  dx/d<f).  To  describe  the  static  recoil  mixing  mode 
we  need  remove  the  last  term  in  eq.  (1), 

Our  calculations  include  explicitly  the  effect  of  the 
target  surface  barrier  through  the  relocation  operator 
[14-17];  those  particles  with  insufficient  kinetic  energy. 


in  the  direction  of  the  surface  normal,  to  overcome  the 
surface  planar  potential  barrier  are  accounted  for.  This 
surface  effect  is  not  considered  in  refs.  [13,21],  One  can 
also  incorporate  easily  in  eq.  (1)  the  effect  of  the  im¬ 
plant  concentration  profile  [16],  but  this  will  be  left  out 
in  the  following  calculations,  in  order  to  simplify  the 
discussion. 

The  recession  of  the  surface  due  to  sputtering  of 
species  t  is  calculated  as 

v,=  f  a,(x,  (].)0,’’(x.  c())  dx,.  (2) 

•'0 

where  the  sputtering  cross  section  o'  is  closely  related 
[14,16]  to  the  relocation  cross  section.  In  fact,  it  corre¬ 
sponds  to  a  relocation  past  the  surface,  from  any  depth 
X  inside  the  solid.  After  a  fluence  A<{>,  a  layer  of  thick-- 
ness  A  A"  =  t)  Aij)  is  eroded  away.  In  the  ordinary  mode 
of  static  recoil-mixing  experiments,  the  surface  layer 
will  be  reduced  to  a  thickness  X  -  AX.  For  the  constant 
layer-thickness  mode  of  recoil  implantation  operation 
(DRM),  we  compensate  the  sputtering  effect  by  intro¬ 
ducing  a  layer  of  thickness  A  A"  at  the  surface  of  the 
target  after  each  fluence  increment  A<().  and  we  solve 
numerically  the  balance  eq.  (1). 

Two  dynamic  recoil-mixing  modes  will  be  modeled 
theoretically.  In  mode  1.  DRMl,  we  replenish  the  eroded 
surface  layer  with  impurity  atoms  in  the  same  amount 
that  impurities  are  lost  by  sputtering.  In  the  second 
model  DRM2.  we  replenish  the  eroded  surface  layer 
with  impurity  atoms  in  an  amount  which  coincides  with 
the  number  of  impurity  and  substrate  atoms  that  have 
been  sputtered  away.  This  second  dynamic  mode  is 
closer  to  the  experimental  situation,  where  the  total 
(layer  plus  substrate)  mass  loss  is  monitored  by  means 
of  a  quartz  microbalance  [1-3], 

The  lelaxation  function,  /i(x,-  <(>)  in  eq,  (1)  is  usually 
specified  by  assuming  that  the  target  relaxes  homoge¬ 
neously,  after  each  ion  fluence  increment,  to  a  constani 
volume  concentration.  This  means  that  the  atomic  den¬ 
sity  of  the  target  is  not  constant  in  the  solid  [13-17], 
The  relaxation  model  adopted  in  the  present  calcula¬ 
tions  is  similar  to  the  one  used  in  dynanuc  Monte  Carlo 
simulations  of  high-fluence  effects  during  ion  bombard¬ 
ment  [22,23],  The  atomic  species  are  assigned  an  effec¬ 
tive  atomic  volume  equal  to  the  reciprocal  standard 
density  of  the  corresponding  homogeneous  medium. 
For  instance,  for  the  system  Al/Si  that  we  study  in  the 
next  section,  these  atomic  volumes  are  20  A^  for  Si  and 
16.6  A"*  for  Al.  V.'hen,  during  the  evolution  of  target 
concentrations  by  irradiation,  local  over-  or  under-den¬ 
sities  are  generated,  the  expansion  or  contraction  via 
relaxation  or  packing  is  performed  in  a  given  depth 
interval  so  that  the  existing  atoms  in  that  interval  are 
allowed  to  occupy  their  “standard”  volumes. 

The  integro-differential  eq.  (1)  is  solved  numerically 
using  a  finite-difference  method  for  static  and  dynamic 
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recoil-mixing  techniques.  Some  results  are  presented  in 
the  following  section. 


3.  Results  and  discussion 

The  theoretical  model  outlined  above  can  be  applied 
in  a  most  straightforward  manner  when  the  masses  of 
the  atomic  species  involved  do  not  differ  much,  and  we 
shall  consider  such  a  situation  in  order  to  test  the  code. 
In  this  particular  case,  the  target  can  be  treated  as 
monoatomic  for  the  slowing  down  of  the  particles.  Also, 
the  relocation  operators  will  not  depend  on  the  atomic 
concentration  in  the  target,  and  they  are  similar,  i.e., 
L,  =  Lj  =  L.  And  then,  the  relaxation  operator  will  be 
h(x)  ~  L(x).  Therefore,  in  this  limit  the  balance  eq.  (1) 
is  linear.  Experiments,  on  the  other  hand,  where  depth 
analysis  techniques  such  as  RBS  are  used  [3,4,8,18), 
require  a  wide  difference  in  the  atomic  masses  of  the 
target  constituents.  Comparison  of  theoretical  predict¬ 
ions  with  actual  experiments  is  under  way  and  will  be 
reported  elsewhere.  As  an  example  of  model  calcula¬ 
tions,  we  consider  a  bilayer  consisting  of  a  10  A  thick 
A1  film  on  top  of  a  Si  substrate,  the  system  being 
bombarded  with  5  keV  Ar  ions.  We  shall  compare  the 
dynamic  and  the  static  modes  of  recoil  mixing  for  this 
system.  In  the  analysis  of  recoiling  particles  leading  to 
ejection  through  the  target  surface,  we  use  the  surface 
binding  energy  of  aluminum  at  all  ton  fluences.  This 
overestimates  the  sputtering  yield  of  silicon  atoms. 

Fig.  1  shows  the  impurity,  Al,  recoil-mixing  depth 
profiles  obtained  in  the  static  mode,  i.e.,  for  a  given 
initial  10  A  layer  of  Al  and  an  ion  fluence  <#i  =  (2-10)  x 


Fig.  1.  Impurity  concentration  profiles  at  different  ion  fluences, 
for  5  keV  Ar^  bombardment  of  an  Al/Si  sample.  The 
initial  layer  thickness  is  10  A.  There  is  no  replenishment  of 
sputtered  material  (static  mode) 
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Fig.  2  Impurity  concentration  profiles  for  the  three  recoil-mix- 
ing  modes  discussed  m  the  text  and  two  ion  fluences.  for  5  keV 
Ar"^  bombardment  of  an  Al/Si  sample  The  initial  layer 
thickness  is  10  A 


10'“’  cm“^.  The  amount  of  Al  in  the  layer  decreases 
rapidly  for  increasing  fluence.  and  more  Si  atoms  show 
up  close  to  the  surface.  Notice  the  long  tails  in  the 
concentration  profiles  of  Al  extending  deep  into  the 
substrate,  due  to  the  operation  of  the  recoil  implanta¬ 
tion  and  cascade  mixing  mechanisms  mentioned  before, 
which  push  impunty  atoms  towards  the  bulk  of  the 
substrate.  The  initial  layer  becomes  only  slightly  nar¬ 
rower  upon  irradiation.  Due  to  the  relaxation  mecha¬ 
nism  assumed,,  namely  volume  conservation,  and  be- 
cai'.se  the  Si  atoms  have  a  larger  atomic  volume,  the 
reduction  in  the  initial  layer  thickness  due  to  Al  sputter¬ 
ing  IS  compensated  by  a  layer  thickness  increase  due  to 
the  arrival  of  Si  atoms  relocated  from  the  bulk.  The  net 
result  is  then  that  the  layer  thickness  remains  almost 
constant  at  10  A,  up  to  a  fluence  where  the  location  of 
the  interface  fades  away  (at  <#>  >  lO'^  cm~^) 

We  compare  in  figs.  2a  and  b  the  three  modes  of 
recoil-mixing  operation,  static,  DRMl  and  DRM2,  in 
terms  of  the  depth  profiles  of  the  imounties  at  two  ion 
fluences,  for  the  same  system  as  in  fig.  1.  With  increas¬ 
ing  fluence  there  is,  in  the  three  modes  investigated,  a 
rapid  decrease  of  the  profile  in  the  interface  region.  The 
overall  decrease  of  the  Al  profile  with  ion  fluence  is 
very  strong  in  the  static  and  DRMl  calculation,  and  for 
both  cases,  at  i#i>10'^  cm“^  the  maximum  Al  con¬ 
centrations  is  below  at  any  point  beyond  the  initial 
location  of  the  imerface.  Note  again  the  appearance  of 
long  tails  in  the  impurity  concentration  as  the  fluence 
increases. 

In  considering  the  two  basic  mechanisms  of  atomic 
mixing  that  contribute  to  the  recoil  implantation  of  the 
impurity  atoms,  one  may  add  that  the  recoil-mixing 


VI.  MATERIALS  SCIENCE 


684 


J.J.  Jimenez-Rodnguez  el  at.  /  Sialic  and  dynamic  recoil  mixing 


Fig  3  Integrated  amount  of  impurity  atoms  recoil  implanted 
past  the  interface,  /“  dx,  as  a  function  of  ton  fluence  for  5 
keV  Ar^  bombardment  of  an  \i/St  sample.  The  initial  layer 
thickness  is  10  A  The  three  recoil-mixing  modes  are  described 
in  the  text 


mechanism  mainly  contributes  to  the  tails  of  the  pro¬ 
files  at  large  depths.  On  the  contrary,  the  cascade-mix¬ 
ing  mechanism  provides  the  major  contribution  to  the 
calculated  profiles  close  to  the  interface.  It  is  very 
simple  to  observe  this  in  the  calculations,  by  switching 
off  the  relocation  mechanisms  one  at  a  time. 

Not  shown  in  fig.  2  is  that  for  intermediate  ion 
fluences  the  DRMl  mode  gives  rise  to  a  depth  profile 
that  rapidly  becomes  quasi-stationary:  there  are  no  im¬ 
portant  changes  in  the  shape  nor  in  the  value  of  the 
concentration  of  A1  versus  depth.  However,  as  seen  in 
fig.  2,  the  concentration  of  A1  in  the  DRM2  mode 
increases  with  fluence:,  the  tail  becomes  less  steep  at 
large  depths,  and  nearly  constant  up  to  depths  com¬ 
mensurate  with  the  range  of  the  bombarding  ion.  At  an 
ion  fluence  of  lO'*  cm“^  the  mixed  Al-Si  region  con¬ 
tains  about  30%  of  Al. 

The  steeply  rising  part  of  the  DRM  profiles  that 
.ippears  in  fig.  2,  very  close  to  the  surface,  is  due  to  the 
leplenishment  of  the  surface  layer  by  simultaneous  de¬ 
position.  The  nearby  bump,  more  pronounced  in  fig.  2a, 
IS  a  reminiscence  of  the  structure  of  the  initial  step. 
Anyway,  these  two  are  details  extending  only  a  few  A 
within  the  monolayer  range,  and  the  discontinuities  are 
a  consequence  of  the  numerical  procedure. 

Fig.  3  shows  the  integrated  amount  of  recoil  im¬ 
planted  material,  versus  ion  fluence,  for  the  three  recoil 
implantation  modes  mentioned  before  and  for  the  same 
ion- target  system.  This  result  was  obtained  by  integra¬ 
tion  of  profiles  like  those  shown  in  fig.  2,  for  impurities 
located  beyond  a  depth  xq  that  specifies  the  interface 
position  at  fluence  <l>.  In  actual  experiments  the  position 


jCfl  of  this  interface  is  not  well  defined  [10]  and  some 
criterion  has  to  be  introduced.  From  an  experimental 
viewpoint  [1-3],  and  for  the  DRM2  mode,  it  appears 
simpler  to  consider  that  the  amount  of  impurities  mis¬ 
sing  from  the  impurity  layer  (with  the  initial  thickness) 
corresponds  to  the  total  amount  of  recoil  implanted 
atoms  [24],  In  the  calculations  reported  here,  Xq  is 
defined  as: 

Xo  =  X -  f*v{it>)  diji'.-  (3) 

where  X  is  the  initial  layer  thickness,  and  the  erosion 
rate  t)(ij)),  given  by  eq.  (2),  depends  on  the  recoil 
implantation  mode  considered.  For  the  static  mode  the 
erosion  rate  of  the  impurity  atoms  has  to  be  taken  into 
account,  and  t)  =  UAi.  Naturally,  v  =  0  for  the  DRMl 
mode.  For  the  DRM2  mode,  however,  the  negative  of 
the  erosion  rate  of  the  substrate  atoms  enters  v  = 
—  Us, (</>),  and  depends  on  the  ion  fluence. 

As  one  can  see  in  fig.  3,  up  to  ion  fluences  <l>  =  5  X 
10’“*  cm'^  there  are  no  significant  differences  in  the 
total  amount  of  Al  recoil-mixed  among  the  three  recoil¬ 
mixing  modes,  since  the  total  amount  of  sputtered 
material  is  small.  For  larger  fluences,  in  the  static  mode, 
the  amount  of  impurity  atoms  remaining  in  the  target 
decreases  with  fluence.  On  the  other  hand,  the  in¬ 
tegrated  recoil  yield  saturates  to  a  constant  value  in  the 
DRMl  mode,  i.e.,  the  amount  of  Al  atoms  in  the  target 
reaches  a  steady  state.  Contrarily,  in  the  DRM2  mode, 
the  Al  concentration  steady  increases  with  ion  fluence 
for  a  wider  fluence  interval.  This  behavior  has  been 
actually  seen  in  the  experiments  [3],  and  reflects  the  fact 
that  the  amount  of  Al  introduced  into  the  target  is 
larger  than  the  amount  sputtered  away.  Eventually,  the 
integrated  yield  also  saturates  in  the  DRM2  mode  of 
operation. 

The  slope  of  the  curves  in  fig.  3  is  related  to  the 
recoil  yield,  or  number  of  recoil-implanted  atoms  per 
bombarding  ion. 

At  low  lluence,  y'R  =  3,  the  same  value  for  the  three 
modes.  The  largest  rate  of  recoil  implantation  occurs  at 
low  fluence.  when  the  total  amount  of  Al  in  the  layer  is 
maximum.  For  the  static  mode  at  high  fluences.  there  is 
a  transition  to  a  negative  value  of  the  recoil  yield, 
whereas  Fr  *  0  for  DRMl,  since  the  amount  of 
sputtered  Al  coincides  with  the  amount  of  deposited 
impurity  atoms.  At  high  fluences,  in  the  DRM2  mode, 
One  still  has  a  recoil  yield  »  2,  i  e  ,  one  ion  is  able  to 
introduce  indirectly  two  recoils  into  the  substrate. 

The  calculations  discussed  here  were  done  for  a  thin 
(10  A)  layer,  in  order  lo  keep  the  amount  of  computing 
time  low.  In  this  way,  the  effects  are  observed  without 
having  to  go  to  very  high  fluences.  We  have  done  the 
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calculations  for  a  thicker  layer  (60  A)  and  the  overall 
trends  are  similar  to  those  discussed  here,  although 
naturally  the  absolute  quantities  vary.  One  can,  how¬ 
ever,  scale  the  present  results  to  other  ion  energies  and 
layer  thicknesses  by  using  the  energy  deposition  func¬ 
tion  Fj)  [25],  So,  for  example  at  100  keV  and  for  -  600 
A  films,  there  is  more  mixing  in  the  neighborhood  of 
the  interface,  where  is  at  a  maximum. 


4.  Conclusions 

The  general  theoretical  framework  describing  the 
composition  of  irradiated  polyatomic  targets  is  capable 
of  providing  detailed  insight  into  the  recoil-mixing  tech¬ 
nique.  Further  investigations  of  the  predictions  of  the 
model  for  actual  experimental  arrangements  are  under 
way.  It  is  of  interest,  for  example,  to  analyze  both 
theoretically  and  experimentally  an  extended  version  of 
the  dynamic'  mode  DRM2,  whereby  the  amount  of 
replenished  impurities  is  larger  than  the  amount  of 
sputtered  atoms.  Maybe  one  could  then  increase  the 
value  of  the  recoil  yield  at  high  fluences. 
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High  doses  of  the  stable  oxygen-18  tracer  isotope  have  been  implanted  at  200  keV  into  thick  thermal  oxide  on  silicon  to  study 
oxide  sputtering  in  conditions  similar  to  the  formation  of  isolated  silicon  d;vice  islands  by  SIMOX.  Final  tracer  distributions  were 
obtained  by  secondary  ion  mass  spectrometry  confirming  the  high  mobility  of  oxygen  within  the  silica,  diffusion  coefficient 
1  7x10  '“cm"  s"',.  with  rapid  desorbtion  of  excess  oxygen  from  the  top  silica  surface  after  perfect  isotopic  exchange  as  the  oxide 
layer  remains  at  the  stoichiometry  of  SiOt 


1.  Introduction 

Stlicon-on-insulator  (SOI)  structures  may  be  formed 
by  high-dose  ton  implantation  of  energetic  oxygen  tons 
into  silicon  held  at  elevated  temperatures  (SIMOX), 
followed  by  a  subsequent  anneal.  This  process  is  ac¬ 
tively  being  developed  for  future  small-geometry  in¬ 
tegrated  circuitry  to  exploit  its  potential  advantages 
over  bulk  silicon  in  radiation  hardness  and  higher 
switching  speeds  SIMOX  technology  has  recently  been 
extended  to  achieve  both  vertical  and  lateral  isolation  of 
silicon  device  islands  in  a  single  implantation  step  or 
total  dielectric  isolation  (TDI)  (!].  Prior  to  implantation 
a  silica  masking  layer  is  grown  or  deposited  in  which 
windows  are  opened  to  define  the  silicon  device  islands. 
In  the  masked  regions,  with  the  correct  thickness  of 
surface  silica,  the  incoming  oxygen  ions  penetrate  below 
the  mask  and  into  the  underlying  silicon  where  the 
buried  oxide  layer  is  synthesized.  It  has  been  found  that 
the  masked  region  is  eroded  at  a  much  faster  rate  than 
the  window  region  so  that  the  mechanism  of  buried 
layer  formation  for  these  two  regons  is  different  [2J. 

In  the  experiments  reported  in  this  work,  high  doses 
of  the  stable  tracer  isotope  '**0  at  200  keV  were  im¬ 
planted  into  thick  silica  mask  layers  (thick  thermal 
oxide)  on  silicon.  The  thickness  of  the  silica  mask,  1800 
nm,  was  chosen  to  be  much  greater  than  the  total  range 
of  the  oxygen,  approximately  600  nm.  Implantations 
were  performed  at  a  sample  target  temperature  of  - 
500°C  using  beam  heating  to  re-create  SIMOX  and 
TDI  fabrication  conditions  and  study  the  sputtering  of 
the  mask  material.  The  final  tracer  '**0  distributions 
were  obtained  by  secondary  ion  mass  spectrometry 
(SIMS).  Thus  we  have  been  able  to  compare  the  im¬ 


planted  and  unimplanted  regions  of  the  thermal  oxide 
with  respect  to  the  buildup  of  ’’'o  and  oxygen  mass 
transport  in  the  silica  as  the  surface  of  the  mask  recedes 
by  sputtering. 


2.  Experimental 

A  device  grade  3  inch  n-type  wafer  (P-doped.  14-26 

cm)  was  thermally  oxidized  in  wet  conditions  to  a 
thickness  of  1.2  pm  and  a  further  0.6  pm  of  S1O2  was 
deposited  by  a  low-temperature  deposition  technique. 
The  oxidized  wafer  was  then  densified  by  annealing  at 
1300  °C  in  flow'ing  argon/5%  oxygen  mixture  atmo¬ 
sphere  for  several  hours.  The  resulting  structure,  1.88 
pm  of  oxide  on  silicon  was  used  as  the  starting  material 
for  oxygen-18  implantations  with  the  500  keV  heavy  ion 
implanter  at  the  University  of  Surrey.  To  minimise 
conductive  heat  losses  the  wafer  was  thermally  isolated 
from  the  sample  holder  by  means  of  small  silicon  tips 
(3J.  Implanter  beam  currents  of  (60  ±  2)  pA,  instanta-- 
neous  current  density  -0.1  mA/cm^  and  power  den¬ 
sity  ~  40  W/cm^  were  used  to  raise  and  maintain  the 
wafer  temperature  to  (580  ±  20)°C  [3).  The  central  area 
(25  mm  X  25  mm)  of  the  wafer  was  uniformly  im¬ 
planted  with  400  keV,.  '*'02'^  ions  by  raster  scanning  the 
implanter  beam  to  total  atomic  doses  in  the  range 
5X10“  to  1.8  X  10'"  '"o/cml  see  table  1.  No  com¬ 
pensating  electron  flux  was  applied  separately  during 
implantation  although  secondary  electrons  generated  in 
the  vicinity  of  the  target  were  redirected  on  to  the  target 
by  local  suppression  electrodes. 

After  implantation  the  wafers  were  cut  into  small 
samples  and  the  '"o  and  “O  distributions  measured 
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using  an  Atomika  SIMS  at  Imperial  College.  The  sam¬ 
ples  were  sputtered  using  a  10  kV  Xe^  primary  beam  at 
normal  incidence  to  produce  a  600  (im  X  600  (im  square 
crater.  The  intensities  of  the  '*0“,  '*0~  and  *Si” 
negative  secondary  ions  from  the  central  6%  of  the 
crater  were  monitored  sequentially  during  sputtering. 
Charge  compensation  at  the  surface  of  the  sputtered 
crater  was  achieved  using  a  coincident  400  V,  5  [lA 
electron  flood.  This  value,  which  represents  an  electron 
current  density  of  less  than  1  mA  cm"^,  was  chosen  to 
avoid  reduction  of  the  silica  by  decomposition  and 
oxygen  desorption  [4].  Finally,  the  depth  of  the  crater 
was  measured  by  the  stylus-based  TALYSTEP  instru¬ 
ment  and  the  sputter  time  scale  directly  converted  to 
sputter  depth. 

The  oxygen  isotope  profiles  are  presented  as  their 
respective  O/Si  intensity  ratios,  which  removes  the  ef¬ 
fect  of  any  charging  over  a  large  range  of  energies  ( ~  40 
V)  [5].  The  ratio  of  the  ’*0  intensity  to  the  total  oxygen 
intensity  ('**0 -f '*0),  the  ’*0  isotopic  ratio,  also  re¬ 
moves  the  effect  of  charging  and  oxygen  yield  enhance¬ 
ment  of  negative  ions  because  these  phenomena  are  the 
same  for  both  isotopes  at  each  point  in  the  profile.  The 
isotopic  ratio  profiles  are  used  for  compari.sons  between 
samples  of  different  total  oxygen  doses  and  for  estima¬ 
tions  of  the  retained  oxygen  dose  in  the  surface  layer. 
Because  the  original  oxide  contains  '**0  at  the  natural 
abundance  'evel  of  0.0020  prior  to  implantation,  calcu¬ 
lations  using  the  isotope  ratio  profile  plots  have  this 
natural  abundance  level  subtracted  in  this  study  of  the 
implanted  "*0  atoms. 


3.  Results  and  discussion 

J  1  Oxide  sputter-rate 

In  fig.  1  the  '*0  and  '*0  concentration  depth  profiles 
are  shown  for  the  sample  implanted  with  the  dose  of 
1.1  X  lO'**  "*0/cm^.  Fig.  1  includes  the  plot  of  the  total 
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Fig.  1.  SIMS  oxygen  depth  profiles  of  '*0  (O),  "'O  (a)  and 
1*0  + >»o  (□)  from  sample  K207  implanted  with  1  IXlO'* 

'**0  The  ”*0  isotopic  ratio  ( - )  shown  is  derived 

from  these  profiles 


oxygen  depth  profile  which  allows  the 

thickness  of  the  remaining  oxide  to  be  readily  de¬ 
termined  and  also  the  oxygen-18  isotopic  ratio  profile 
within  the  thermal  oxide  surface  layer.  For  each  of  the 
implantation  doses  given  in  table  1,-  the  thickness  of  the 
surface  oxide  .sputtered  away  can  be  determined  by 
comparison  with  the  unimplanted  reference  using  the 
tr.ermal  oxide-silicon  interface  as  the  reference  marker 
Tills  data  is  plotted  in  fig.  2  with  data  from  ref.  [2] 
obtained  under  similar  implant;'' ion  conditions  but 
using  a  marker  position  that  was  within  the  '**0  implan¬ 
tation  profile.  Both  .sets  of  data  essentially  confirm  the 
sputtering  coefficient  of  1,1  atoms  per  incident  particle 
of  200  keV  oxygen  ions  in  Si02.-  a,s.suming  a  density  of 
2.3  g  cm^\  Computer  simulations  [2]  which  consider 
only  the  kinetics  of  sputtering  give  a  value  of  0.38 
atoms/incident  '*’0  ion.  The  higher  experimental  value 
which  has  been  confirmed  in  this  work  is  assumed  to  be 


Table  1 

Implantation  history  and  tabulated  results  derived  from  SIMS  depth  profiles  for  each  of  ihe  samples 


Sample 

identity 

Nominal  do.se 
["‘0/cm’] 

Oxide 

lost 

((imj 

Interface  ■" 
depth,  width 
[(imj 

Retained  dose 
['*0/cm’] 

K207.  unimplanted 

0 

0 

- 

- 

K207 

50X10''’ 

0071 

- 

1  3x10"’ 

K260 

4.0X10'’ 

0.096 

0.569.  0  034 

3.5x10"’ 

K207 

4.5X10'’ 

0.049 

0.590,  0.027 

37X10'’ 

K207 

7.0X10'’ 

0118 

0  584.  0  034 

6  2  ■rio'’ 

K260 

1  lx  10'* 

0.180 

0.583.0  027 

92X10'’ 

K260 

1.4x10'* 

0.233 

0.580,  0.035 

9.9X10'’ 

K260 

1.8X10'* 

0.280 

0.585.  0  033 

1  lx  10'* 

Measured  dose  assumes  an  oxide  density  of  2  3  g  cm  ’ 

’’’  Depth  measured  at  the  50%  down  point  and  width  between  the  75  and  25%  down  points  on  the  isotopic  ratio  curve, 
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due  to  chemical  processes  which  are  enhanced  at  the 
implantation  temperature  of  ~  500 ‘’C.  The  comparable 
sputter  coefficient  for  silicon,  appropriate  to  the  window 
region  in  TDl  is  0.2  atoms  per  incident  ion,  that  is  one 
fifth  smaller. 

3.2.  '^O  implantation  profile  in  silica 

The  isotopic  ratio  profile  of  the  implanted  '*0  for 
the  lowest  implant  dose  of  5  X  10*®  ’*0/cm^  is  shown 
in  fig.  3  to  be  a  skew  Gaussian  with  a  background  level 
of  0.0020  corresponding  to  the  natural  abundance  of 
'*0.  The  peak  of  the  distribution  /Jmax>  'S  at  443  nm. 
This  low-fluence  ion  implantation  profile  was  simulated 
using  the  PC-based  TRIM88  code  [6]  and  detailed 
calculations  with  full  target  damage  cascades.  The  same 
Rmax  obtained  if  the  silica  target  density  is  set  to  the 
rather  high  value  of  2.5  g  cm”^  when  Rp  =  400  nm  and 
straggling  =  83  nm.  The  total  range  of  oxygen  is  600 
nm.  slightly  shorter  than  experiment. 

?  3  buildup  in  the  surface  layer 

The  isotopic  ratio  profile  for  one  of  the  samples  is 
shown  in  fig.  1  and  represents  the  measured  fraction  of 
the  network  of  oxygens  in  the  surface  oxide  that  is  now 
oxygen-18  atoms.  This  profile  is  one  of  the  series  shown 


0-18  DOSE  lxE18/cm2) 

Fig.  2.  Sputtered  oxide  lost  from  the  thermal  oxide  surface  due 
to  '*0  implanted  at  200  keV.  These  results,  given  in  table  1,  are 
plotted  for  the  nominal  '*0  dose  (#,  a)  and  the  retained  '*0  as 
a  dose  (o,  a)  Comparable  nominal  dose  results  from  ref.  [2] 
are  also  plotted  (□)  with  their  first  order  regression  line  fit 
( - ). 
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Fig.  3.  The  ‘*‘0  isotope  ratio  profiles  for  the  samples  implanted 
with  the  doses  of  *0  listed  in  table  1;  unimplanted  (O). 
5x10'^  (•),  4.5  X  lO”  (A),  7x10'“  (A),  1 .1  X  10'“  (□).  1  4 X  lO'* 
(■),  1.8  X  10'“  (V)  The  profiles  are  offset  by  the  corresponding 
thermal  oxide  lost  as  listed  in  table  1 


in  fig.  3  which  includes  all  the  implantation  doses  listed 
in  table  1  except  K260,  dose  4E17  '*0/cm^  which  has 
been  omitted  for  clarity.  The  same  position  for  the 
thermal  oxide-bulk  silicon  interface  on  the  x-axis  in  fig. 
3  has  been  achieved  by  plotting  the  '*'0  isotopic  ratio 
profile  with  a  depth  offset  of  the  corresponding  oxide 
thickness  lost  for  each  implantation  dose. 

Samples  with  doses  4.5  X  10'^  "’o/cm^  and  above 
are  substantially  broadened  particularly  towards  the 
surface  where  the  TRIM88  simulation,  used  in  section 
3.2,  gives  a  peak  in  the  damage  distribution.  The  surface 
layer  containing  the  implanted  '*'0  is  characterised  by  a 
well-defined  thickness  (582  ±  6)  nm  corresponding  to 
the  '*0  total  range,  see  section  3.2  above,  and  an 
interface  width  of  (32  ±  3)  nm,  see  table  1.  The  nature 
of  the  interface  is  seen  to  be  established  for  doses  of 
4.5  X  lO'^  '**0/cm^  and  above  in  contrast  to  the  surface 
isotopic  ratio  which  has  only  risen  to  0.03  for  this  dose 
compared  to  a  uniform  level  of  0.43  for  samples  with 
the  highest  doses.  This  is  similar  to  the  case  of  TDl 
formation  in  the  mask  region  [2]  where  internal  oxida¬ 
tion  of  the  bulk  silicon  is  taking  place  preferentially  at 
the  lower  interface  in  contrast  to  normal  SIMOX  for¬ 
mation  in  the  window  region  where  internal  oxidation 
takes  place  at  the  upper  interface  [7].  This  is  also 
attributed  in  ref.,  [2]  to  the  rapid  erosion  of  the  mask 
oxide  in  contrast  to  the  erosion  rate  for  silicon. 
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3.4.  '^0  Diffusion  in  the  silica 

The  broadening  apparent  in  the  surface  layer  of 
width  approximately  equal  to  the  total  range  of  in 
silica,  see  fig.  3,  is  due  to  radiation-enhanced  diffusion 
of  oxygen  primarily  towards  the  surface.  This  is  con¬ 
sistent  with  buried  oxide  layer  growth  for  SIMOX  (7J 
with  high-energy  oxygen  implantation  into  silicon  and 
at  low  energies  in  the  formation  of  surface  layers  with 
normal  incidence  oxygen  primary  ions  in  SIMS  [8].  For 
the  implantation  dose  of  1.1  X  10'*  **0  isotope  ratio  has 
become  approximately  constant  over  a  characteristic 
diffusion  length,  x,  of  402  nm  (implanted  surface  layer 
thickness-surface  recession  for  that  dose,  table  1)  in  a 
time,  /,  of  160  min.  Using  =  Dt,  the  radiation-en¬ 
hanced  diffusion  coefficient,  D,  is  1.7  X  10"*^  cm^  s”', 
which  is  in  fair  agreement  with  experimental  values 
found  for  low-energy  surface  oxide  formation,  10“*'' 
cm^  s“’  [8]  and  very  similar  to  the  value,  ^  10“'^  cm" 
s“',  used  satisfactorily  in  continuity  equation  models  of 
SIMOX  formation  by  Jag?*'  et  al.  [9].  This  experiment 
has  provided  an  e'jtimate  for  Z)  in  a  situation  free  of 
oxide  layer  growth  .ind  oxidation  or  the  proximity  of  an 
SiOj/Si  interface  in  ■  'ontrast  to  previous  estimates  [7,8]. 

The  re^on  of  the  thermal  oxide  below  the  implant 
range  of  '*0  ions  has  uniformly  increased  in  '*0  con¬ 
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Fig.  4.  The  retained  '*0  in  the  surface  implanted  layer  as  an 
equivalent  dose  determined  from  SIMS  measurements  for 
nominal  '*0-implants  at  200  keV  into  thick  thermal  oxide  on 
silicon. 


tent,  -  30  times  above  the  natural  abundance  level  for 
the  highest  doses  except  in  a  layer  of  width  -  250  nm 
next  to  the  Si02/Si  interface,  see  fig.  3.  A  possible 
mechanism  for  this  uniform  increase  is  a  radiation-in¬ 
duced  enhancement  of  oxygen  diffusion  and  exchange 
in  the  network  of  the  silica. 


3.5.  Silica  stoichiometry 


In  fig.  1  the  total  oxygen  signal  remains  constant  to 
within  ±5%  throughout  the  whole  thickness  of  the  silica 
to  the  Si02/Si  interface.  The  total  oxygen  to  silicon 
ratio  IS  the  same  for  both  the  '*0-implanted  region  and 
the  unimplanted  region  which  has  provided  an  in  situ 
oxygen/silicon  reference  signal  during  the  same  SIMS 
analysis.  This  result  is  typical  of  all  of  the  doses  listed  in 
table  1.  This  is  because  of  the  high  mobility  of  oxygen 
in  the  '*0-implanted  layer  and  the  rapid  out-diffiision 
of  any  excess  oxygen  through  the  surface  by  desorbtion. 
Also  this  result  indicates  that  the  implanter  conditions 
chosen  did  not  cause  substantial  reduction  or  Si02  by 
preferential  oxygen  loss  [4]  to  a  depth  greater  than  5  to 
10  nm.  See  the  experimental  section  2  above. 


3  6.  Reiension  of  the  ‘^0-implanted  dose  in  the  silica 


Choosing  a  density  of  2.3  g  cm"'  for  the  whole  of 
the  silica  layer,  'he  area  under  the  '**0  rsotojiic  ratio 
curves  of  fig.  3  repre.sents  ilie  retained  dose  of  '*0  in  the 
'*0- implanted  surface  layer.  The  dose  measured  in  this 
way  for  each  of  the  nominal  doses  is  tabulated  in  table 
1  and  plotted  in  fig.  4.  The  line  drawn  through  all  the 
points  in  fig.  4  deviates  from  the  regression  curve  fitted 
to  the  lowest  doses  between  the  nominal  doses  of  0.7 
and  1.1  X  lO'*  '*0/cm".  Below  a  nominal  dose  of  7  X 
lO'*  all  the  '*0  is  retained  in  the  '*0-implanted  surface 
oxide  layer  whilst  the  layer  has  remained  stoichiometric 
Si02,  see  section  3.5  above.  Thus  an  equivalent  dose  of 
'*0  is  desorbed  from  the  surface  together  with  oxygen 
desorbed  and  sputtered  due  to  the  recession  of  the  oxide 
surface,  mainly  '^O.  This  result  is  similar  to  a  conclu¬ 
sion  drawn  in  a  previous  experimental  study  by  Kilner 
et  al.  [10]  on  buried  oxide  formation,  viz.  perfect  iso¬ 
topic  exchange  within  the  buried  layer.  For  the  nominal 
dose  of  1.1  X  lO'*  '*0/cm"  and  above,  fig.  3  indicates 
that  the  retained  doses  tend  in  our  experiment  to  a 
saturation  level  of  approximately  1  x  10'*  '*0/cm".  In 
this  case  the  incoming  ’*0  ion  is  increasingly  likely  to 
exchange  with  a  previously  implanted  '*0  atom  incor¬ 
porated  into  the  network  of  oxygens  of  the  silica.  Also, 
from  fig.  3,  the  surface  concentration  of  ’*0  in  the  silica 
rises  so  that  a  substantial  fraction  of  sputtered  oxide 
includes  network  oxygens  that  are  implanted  O  atoms. 
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4.  Conclusions 

18 

O  implants  into  silica  surface  layers  on  silicon  have 
provided  a  detailed  insight  into  the  mass  transport  of 
oxygen  and  sputtering  of  SiO^  for  implantation  condi¬ 
tions  which  are  used  for  buried  oxide  layer  formation  in 
a  target  free  of  oxide  layer  growth  or  oxidation  : 

(1)  The  oxygen  mobility  is  high,  D  =  \.l  X  10“'^  cm^ 
s“',  with  rapid  out-diffusion  of  excess  oxygen 
through  the  surface. 

(2)  The  stoichiometry  of  the  silica  surface  layers  was 
found  to  remain  as  SiOj. 

(3)  The  sputter-rate  of  the  silica  is  confirmed  to  be  high 
at  1.1  atoms  per  incident  particle. 

(4)  Perfect  oxygen  isotopic  exchange  was  found  for 
these  surface  silica  layers  in  common  with  buried 
oxide  layer  formation. 
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The  effects  of  high  dose  O*  implantation  into  a  Sio5Geo5  alloy,  studied  by  Rutherford  backscattenng.  infrared  spectrophotome¬ 
try  and  X-ray  photoelectron  spectroscopy,  are  reported  for  the  first  time.  The  alloy  layers  were  prepared  by  molecular  beam  epitaxy 
(MBE)  when  a  thick  (900  nm)  film  of  Sig  jGcoj  alloy  followed  by  a  75  nm  top  Si  layer  was  grown  on  a  n-type  (100)  Si  (p  =  5-20 
0cm)  substrate.  This  material  was,  subsequently,  implanted  with  doses  of  0.6xl0'"  cm'  1.2x10'’'  O’’^  cm"^  and  1.8x10'* 
O*  cm"^  at  an  energy  of  200  keV  with  a  substrate  temperature  of  about  500  °C.  Selected  samples  have  been  annealed  in  flowing 
nitrogen  at  temperatures  of  800  “C,  9(K)®C  or  1000  “C  for  1  h.  The  redistribution  of  the  implanted  oxygen  and  the  composition  of 
the  resulting  structure  has  been  investigated  before  and  after  thermal  treatment. 

The  results  show  that  Si-O  and  Ge-O  compound  formation  depends  strongly  on  the  dose  of  oxygen  and  annealing  temperature. 
Most  of  the  implanted  oxygen  reacts  with  Si  to  form  SiOj.  The  Ge-0  bonding  was  only  observed  in  the  buried  oxide  layer  where  the 
concentration  of  oxygen  atoms  was  saturated.  In  the  high  dose  sample  and  at  the  highest  annealing  temperature  the  SiO,  converted  to 
stoichiometric  SiOj  with  this  dielectric  also  containing  some  Ge  and  GeO,  (.x£2)  trapped  in  the  silicon  dioxide  layer.  With 
increasing  anneal  temperature  decomposition  of  Ge-O  bonding  was  observed  and.  generally.  Ge  atoms  were  found  to  be  rejected 
from  the  oxide  and  segregated  in  the  alloy  layers  above  and  below  the  buried  oxide.  The  different  behaviours  of  the  Si  and  Ge  atoms 
can  be  described  in  terms  of  the  thermodynamics  of  the  systems. 


1.  Introduction 

SIMOX  (separation  by  implanted  oxygen)  is  one  of 
the  most  promising  manufacturing  approaches  for  the 
production  of  silicon  on  insulator  (SOI)  substiates.  Re¬ 
view  papers  on  this  topic  can  be  found  in  reference  [1]. 
Although  implanted  silicon  structures  have  been 
extensively  investigated  [2,3],  little  work  has  been  re¬ 
ported  on  SiGe  allov  substrates.  Currently,  Si-Ge  het¬ 
erostructures  are  of  much  interest  as  a  material  for 
advanced  devices.  In  this  paper  the  effects  of  high  dose 
oxygen  implantation  of  Si/SiosGCfjj/Si  heterostruc¬ 
tures  is  reported.  This  subject  will  be  addressed  by 
studying  the  redistribution  and  chemical  bonding  of  the 
implanted  oxygen  before  and  after  annealing  by 
Rutherford  backscattering  (KBS),  ion  channeling,  in¬ 
frared  (IR)  transmission  spectroscopy  and  X-ray  photo¬ 
electron  spectroscopy  (XPS). 

’  Permanent  address.  Institute  of  SemicPiiductors,  Academia 
Sinica,  PO  Box  912,  Beijing  100083,  People’s  Republic  of 
China, 


2.  Experimental 

The  samples  were  prepared  by  molecular  beam  epi¬ 
taxy  (MBE).  First,  a  Si  buffer  layer  was  grown  on  a 
(l(X))n-type  Si  (p  =  5-20  0cm)  substrate  followed  by  a 
900  nm  GeojSioj  layer  and  terminated  with  a  Si  cap¬ 
ping  layer  with  a  thickness  of  75  nm.  The  wafers  were 
implanted  with  O’’’  ions  at  an  energy  of  200  keV  with 
doses  of  0.6X10’*,  1.2x10’*  and  1.8  x  10‘*  cm"'’ 
hereafter  referred  to  as  low,  medium  and  high  doses. 
The  choice  of  ion  energy  and  layer  thicknesses  ensure 
that  the  majority  of  the  implanted  oxygen  ions  (Rp  = 
4200  A)  came  to  rest  in  the  SiGe  alloy.  The  wafer 
temperature  during  implantation  was  about  500  °  C.  De¬ 
tails  of  the  implantation  procedure  have  been  previously 
reported  [4].  The  annealing  in  flowing  nitrogen  was 
carried  out  at  temperatures  of  800,  900  and  1000  °  C  for 
1  h,  as  shown  in  table  1.  Rutherford  backscattering  with 
an  analysing  beam  of  1.5  MeV  ‘’He’’’  and  a  scattering 
angle  of  160°  was  used  to  determine  the  composition 
and  thicknesses  of  the  implanted  layers.  The  formation 
of  silicon  dioxide  and  bonding  of  oxygen  atoms  were 
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Table  1 

Sample  structure-  75  nm  Si  top  layer/900  nm  SiosGeg, 
alloy/Si  substrate;  RBS  spectrum  a 


Oxygen  dose 
[lO'Vcm^l 

Annealing 

temperature 

l“C] 

Method  of 

measurement 

Identity 
of  RBS 
spectrum 

0.6 

as  implanted 

RBS.  IR 

b 

800 

RBS.  IR 

900 

RBS.  IR 

1000 

RBS.  IR 

1,2 

as  implanted 

RBS.  IR 

c 

800 

RBS,  IR 

e 

900 

RBS.  IR 

f 

1000 

RBS,  IR 

g 

1.8 

as  implanted 

RBS,  IR  and  XPS 

d 

800 

RBS,  IR  and  XPS 

h 

900 

RBS,  IR 

i 

1000 

RBS.  IR  and  XPS 

j 

confirmed  by  IR  spectroscopy,  using  a  Perkin-Elmer 
577  grating  Spectrophotometer.  For  some  selected  sam¬ 
ples  the  0-Si  and  O-Ge  bonding  was  also  studied  by 
XPS  analysis  using  a  VG  Scientific  ESCALAB  Mkll 
system  with  a  vacuum  better  than  3x10"'°  mbar. 


AlKa  radiation  (1486.6  eV)  was  used  as  the  X-ray- 
source  and  an  Ar"^  sputtering  system  at  3  keV  was  used 
for  depth  profiling. 


3.  Results  and  discussion 

3.1.  As  implanted  samples 

Fig.  1  shows  a  series  of  random  RBS  spectra  from 
samples  before  and  after  implantation.  The  positions  of 
the  signals  from  surface  atoms  of  Si  and  Ge  are  marked 
on  the  figure.  The  curve  (a)  shows  a  spectrum  from  a 
sample  before  ion  implantation.  The  signals  from  Si 
and  Ge  within  the  SiojGeos  matrix  are  between  chan¬ 
nels  138-267  and  226-380.  respectively.  As  a  conse¬ 
quence  of  the  thickness  of  the  SiGe  alloy  the  Si  signal  is 
partially  overlapping  the  Ge  signal  between  channels 
226  and  267.  The  peak  “A”  between  channels  267-279 
on  the  Ge  signal  is  due  to  the  Si  top  layer.  Curves  (b). 
(c)  and  (d)  are  random  spectra  from  the  low.  medium 
and  high  dose  samples.  By  comparing  these  spectra  with 
curve  (a),  a  reduction  in  area  of  peak  “A"  and  a 
movement  of  the  high  energy  edge  of  the  Ge  signal  to 
higher  channel  numbers  can  be  observed.  This  is  due  to 
the  sputter  erosion  of  the  Si  cap  which  depends  on  the 


Channel  Number 

Fig.  1.  Random  RBS  spectra  of  the  Si/SiGe/Si  substrate  implanted  with  10ns  at  an  energy  of  200  keV,  (a)  as  implanted,  (b) 
0.6 X 10'*  cm" ^  (low  dose  sample),  (c)  1.2xl0’*cm"^  (medium  dose  sample),  and  (d)  1  8xl0"*cm"^  (high  dose  sample) 
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implanted  dose.  For  the  lo<v  dose  sample  (curve  (b)) 
it  is  found  that  about  40  percent  of  the  Si  top  layer  has 
been  sputtered  away  whilst  for  the  medium  dose  sample 
less  then  10  nm  of  the  Si  film  remains.  These  losses  of 
Si  correspond  to  a  sputtering  rate  of  about  0.26  Si 
atom/0  ion.  For  the  high  dose  sample  the  edge  of  Ge 
signal  is  at  channel  395  indicating  that  the  Ge  atoms  are 
at  the  surface  thus  confirming  that  all  of  the  top  silicon 
layer  has  been  removed  by  sputtering.  The  yield  de¬ 
ficiency  between  channels  280-380,  which  develops  with 
increasing  dose,  is  due  to  the  displacement  of  Ge  atoms 
from  the  oxygen  region.  The  shape  of  the  dips  gives  a 
quantitative  approximation  of  the  oxygen  depth  distri¬ 
butions  which  are  shown  in  the  inset  in  fig.  1.  These 
profiles  show  a  similar  dose  dependence  to  distributions 
reported  previously  [5]  for  implantation  into  bulk 
Si.  For  the  high  dose  sample  saturation  of  the  oxygen 
concentration  is  observed.  This  eftect  is  only  found  in 
regions  of  the  structure  where  the  consbtuents  are  in  the 
ratio  Si :  Ge ;  O  about  1:1:4  with  an  uncertainty  of 
about  159(  and  occurs  within  the  buried  layer  of  thick¬ 
ness  200  nm  at  a  depth  of  450  nm  beneath  the  surface. 
This  is  in  agreement  with  the  TRIM  simulations  and 
indicates  that  oxygen  is  redistributed  during  the  implan¬ 
tation,  as  observed  in  SIMOX  material  [1].  Analysis  of 
RBS  ion  channelling  spectra  shows  that  the  fraction  of 
displaced  atoms  in  the  SiosOcq,  overlayer  increases 
with  increasing  doses. 

The  optical  transmission  of  the  implanted  samples 
was  measured  in  the  wave  number  range  from  4000  to 
200  cm  ■ '  using  as  a  reference  a  sample  from  the  same 
wafer  but  without  implanted  oxygen.  Fig.  2  shows 
transmission  spectra  from  implanted  samples  in  which 
three  absorption  bands  due  to  the  vibrational  modes  of 
the  Si-O-Si  local  bonding  unit  at  1000  to  1100  cm~', 
about  800  cm  and  450  cm”'  are  evident.  The  posi-- 
tion  of  each  of  the  three  bands  shifts  to  larger  wave- 


Wave  number  (cm ') 

Fig  2  Transmission  spectra  from  implanted  samples. 


number  with  increasing  dose  of  implanted  oxygen.  This 
data  is  qualitatively  similar  to  earlier  studies  [6]  of  bulk 
Si  implanted  with  oxygen  doses  greater  than  1  x  lO'* 
cm'^..  In  order  to  have  a  more  detailed  discussion  of 
these  effects  we  concentrate  on  the  dominant  band  in 
the  1000  to  1100  cm"'  region  due  to  the  asymmetne 
stretching  vibration.  For  reference  the  dashed  curve 
shown  in  the  figure  is  from  Si02  with  a  thickness  of  400 
nm  grown  on  bulk  Si  by  dry  oxidation  at  1000  °C.  The 
implanted  SiGe  samples  all  exhibit  absorption  at  a 
lower  wavenumber  which  is  indicative  of  the  existence 
of  sub-oxides  (SiO,  with  x  <  2)  or  to  compressive  stress 
as  found  in  1  v  temperature  thermal  oxides  [7].  Within 
our  experimental  sensitivity  we  observed  no  evidence 
for  Ge-0  bonding  using  this  IR  technique. 

Photoelectron  spectroscopy  analysis  was  carried  out 
on  the  as-implanted  high  dose  sample  and  the  results 
are  reported  in  detail  in  reference  [8].  The  analysis 
agrees  qualitatively  with  the  RBS  and  IR  results  al¬ 
though  XPS  suggests  that  the  saturated  region  contains 
a  somewhat  higher  proportion  of  Si  than  determined  by 
RBS,  having  a  composition  of  2:1  :4  (±15%).  Within 
the  saturation  region  of  the  buried  oxide  layer  about 
90%  of  the  Si  atoms  are  bonded  to  oxygen  to  form  SiOj 
and  the  remaining  atoms  are  bounded  to  form  SiO,,. 
where  x  <  2.  Within  this  region,  with  about  14%  atomic 
Ge,  less  than  half  of  the  Ge  is  bonded  to  oxygen  atoms 
to  form  GeOi  and  only  a  small  proportion  is  partially 
bonded  to  form  GeO. 

In  common  with  SIMOX  material  [1]  the  synthesis 
of  a  buned  oxide  layer  in  the  alloy  SiosGcos  will  be 
controlled  by  the  processes  of  sputtering,  swelling  and 
diffusion.  As  discussed  by  Van  Ommen  [9]  the  presence 
of  point  defects,  resulting  from  oxygen  ion  damage 
(generation  of  Frenkel  pairs)  and  the  reaction  of  the 
implanted  oxygen  with  the  matrix  atoms,  will  control 
the  evolution  of  the  buried  oxide.  In  the  case  of  SiGe 
alloys  the  situation  is  more  complicated  as  it  is  nece.s- 
sary  to  consider  the  two  -eactions: 

2Si,„,  +  20,„,^(Si02)  +  Si,„,..  (1) 

2Ge,„,  +  20,„,se(Ge0,)±Ge.„,..  (2) 

where  the  subscripts  “sub”  and  “int”  indicate  substitu¬ 
tional  and  interstitial  lattice  positions.  From  a  knowl¬ 
edge  of  the  heat  of  formation  and  dissociation  of  Si02 


Tabl"  2 

Standard  heat  of  formation  and  heat  of  decomposition 


Substance 

Standard  heat 

Heat  of 

of  formation 

decomposition 

at  25°  C 
[kcal/gmol] 

(kcal] 

S1O2  (glass) 

-202  5  (10] 

210(11] 

GeOj  (glass) 

-128  3(10] 

129(11] 
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and  GeOj,  shown  in  table  2  [10,11]  it  may  be  concluded 
that  Si02  is  the  more  stable  of  the  two  oxides  and  that 
the  O/Si  reaction  will  dominate  with  eq.  (1)  tending  to 
the  right  hand  side  for  the  system  to  accommodate  the 
implanted  oxygen  [9].  Consideration  of  mass  action 


shows  that  eq.  (2)  will  tend  in  the  opposite  direction  due 
to  the  reduced  concentration  of  0,n,  following  the  pref¬ 
erential  formation  of  SiOj.  However,  it  must  be  remem¬ 
bered  that  inferences  drawn  from  equilibrium  dynamics 
can  only  provide  pointers  to  the  way  in  which  a  system 
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Fig.  3.  (a)  RBS  spectra  of  medium  dose  sample,  (b)  RBS  spectra  of  high  dose  sample. 
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will  respord  under  ion  bombardment.  In  this  case  the 
low  heat  ol  decomposition  of  GeOj  compared  to  SiOj 
also  favours  a  low  concentration  of  GeOj,  as  observed 
experimentally.  Additionally  the  rate  of  formation  of 
the  two  oxides,  which  will  be  enhanced  by  *he  high 
density  of  point  defects  created  by  the  oxygen  ions,  will 
be  dependent  upon  the  relative  concentrations  of  in¬ 
completely  oxidi  red  Si  and  Ge  atoms.  Thus  the  relative 
concentration  of  the  oxides  of  Si  and  Ge  in  the  im¬ 
planted  sample  may  be  expected  to  have  a  dependence 
upon  the  oxygen  ion  dose.  This  dependence  was  indeed 
observed  at  the  oxide  layers  in  the  low  and  medium 
dose  samples  were  found  to  consist  predominantly  of 
S1O2  with  no  evidence  (from  the  IR  analysis)  for  the 
existence  of  Ge-O  bonding.  This  observation  in  sam-. 
pies  implanted  at  500  °C  is  consistent  with  the  work  of 
Ravindra  et  al.  [12]  who  reported  the  absence  of  Ge-0 
bonding  in  bulk  Ge  implanted  at  370  "C  with  2  X  10’’ 
cm"^  at  180  keV.  In  contrast,  SiGe  samples  implanted 
with  the  high  dose  of  oxygen,  which  resulted  in  com¬ 
plete  or  partial  oxidation  of  all  of  the  Si  atoms  within 
the  saturation  region,  showed  strong  evidence  (XPS)  for 
the  existence  of  GeO^  (x  i  2). 

5  2.  Annealed  samples 

The  detailed  behaviour  of  the  implanted  samples 
during  high  temperature  annealing  was  found  to  be 
highly  dependent  upon  O*  dose  and  annealing  temper-- 
ature.  Figs  3a  and  b  show  RBS  spectra  from  medium 
and  high  dose  samples  after  annealing  at  900  and 
1000  °C.  It  IS  evident  that  little  mass  transport  of 
oxygen,  which  can  be  inferred  from  the  yield  deficiency 
in  the  Ge  part  of  the  spectrum,  has  occurred  dunng 
anneals  up  to  900 '’C.  In  contrast  IR  analysis  (spectra 
not  shown)  indicates  that  significant  local  bond  re¬ 
arrangement  occurs  at  this  temperature  leading  to  the 
formation  of  stoichiometric  S1O2.  This  is  confirmed  by 
XPS  [8]  which  shows  bond  reordering  to  be  most  pro¬ 
nounced  in  the  high  dose  sample.  Further,  the  intensity 
of  the  GeOj  signal  decreases  with  increasing  tempera¬ 
ture  indicating  that  oxygen  is  preferentially  bonding  to 
Si  to  form  S1O2  (as  di.scussed  in  .section  3.1  eqs.  (1)  and 
(2)). 

Inspection  of  RBS  spectra  from  samples  annealed  al 
1000  °C  for  1  h  (curves  g  and  j)  show  that  the  samples 
undergo  significant  reordering  at  this  temperature  with 
the  formation  of  relatively  abrupt  SiGe/oxide  inter¬ 
faces  and  strong  segregation  of  Ge  atoms  to  the  SiGe 
alloy  above  and  below  the  oxide  layer  where  the  local 
volume  concentration  of  Ge  roses  above  the  original 
50%  atomic  to  the  higher  value  nf  59%  atomic.  The 
average  composition  of  the  buried  layer  in  the  high  dose 
sample  (Si :  Ge :  O)  is  about  1 : 0.3 ;  2.  XPS  analysis  [8] 
indicates  that  the  Si  atoms  are  now  fully  bonded  with 
oxygen  to  form  stoichiometric  Si02  whilst  the  con¬ 


centration  of  Ge02  is  decreased.  The  volume  concentra¬ 
tion  of  GeO  is  little  changed  during  the  anneal  at  high 
temperature.  The  presence  of  peak  “B”  in  tlie  RBS 
spectra  from  both  ine  medium  and  high  dose  samples  is 
evidence  for  Ge  segregation  within  the  buried  oxide 
layer.  XPS  shows  that  most  of  Ge  within  the  oxide  layer 
(mainly  Si02)  is  metallically  bonded  and  therefore  it  is 
postulated  that  the  entrapped  Ge  is  in  the  form  of 
precipitates  which  are  dispersed  throughout  a  matrix  of 
Si02.  Peak  “B”  would  then  be  due  either  to  an  en¬ 
hanced  concentration  of  precipitates  or  to  larger  pre¬ 
cipitates  which  are  localized  near  the  centre  of  the  oxide 
layer.  Similar  structures  are  found  in  SIMOX  samples 
[1]  and  have  been  reported  by  Celler  and  Trimble  [1 3] 
for  As  in  Si02. 

The  anneal  temperature  dependence  of  the  position 
and  peak  width  of  the  principal  absorption  band  is 
shown  in  fig.  4.  For  all  samples  these  parameters  show  a 
shift  with  increasing  anneal  temperature  which  is  indi- 


600  800  1000 


Anneal  temperature  °C, 

Fig  4.  The  IR  result  of  the  annual  temperature  dependence  of 
the  position  and  peak  width  of  the  principal  absorption  bond 
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cative  of  reducing  stress  and  an  increasing  proportion  of 
stoichiometric  Si02.  However  foi  all  samples  the  signals 
fail  to  achieve  values  appropriate  to  a  thermal  oxide 
grown  on  bulk  Si.  The  discrepancy  is  most  pronounced 
in  the  high  dose  samples. 

The  reordering  during  the  1000  °C  anneal  of  these 
SiGe  structures  is  dominated  by  the  net  thermally  driven 
segregation  of  oxygen  ro  the  buried  oxide  layer  [1] 
which  results  in  a  reduction  in  the  density  of  Ge  atoms 
from  25%  atomic  (as  implanted)  to  10%  atomic  (an¬ 
nealed  at  1000  °C  for  1  h).  As  is  the  case  with  SIMOX 
(Si/O)  samples  this  reordering  may  be  described  in 
terms  of  the  system  moving  to  minimise  the  interface 
energy  associated  with  oxide  precipitates  [9],  which  XPS 
shows  for  both  systems  consist  of  stoichiometric  Si02. 

The  reduced  density  of  Ge  atoms  in  the  buried  layer 
after  annealing  arises  from  the  relative  thermal  instabil¬ 
ity  of  oxides  of  Ge  which  was  observed  in  bulk  Ge  by 
Sjoreen  et  al.  [14]  who  found  that  an  anneal  at  650  °C 
for  30  min  was  sufficient  to  cause  the  decomposition  of 
a  synthesised  oxide  with  a  total  loss  of  oxygen  from  the 
samples.  For  SiGe  samples  the  presence  of  Si  acts  as  a 
trap  for  the  implanted  o^^ygen  due  to  the  thermody¬ 
namically  dnven  preferred  formation  of  stoichiometric 
S1O2  (table  2).  However  the  low  solubility  of  Ge  in  Si02 
leads  to  rejection  of  Ge  atoms  from  the  synthesised 
oxide.  With  the  absence  of  data  following  extended 
anneals  ( >  1  h  at  10(X)°C)  it  is  not  known  whether  the 
observed  composition  (14%  atomic  Ge)  is  the  equi¬ 
librium  value  or  a  metastable  composition.  Whatever 
the  case  it  is  evident  from  XPS  analysis  that  the  Ge  is 
predominantly  metallically  bonded  and  must  exist  as 
inclusions  within  the  S1O2  matrix.  The  segregation  of 
metallically  bonded  Ge  has  been  previously  ob-served 
[15]  during  dry  oxidation  of  Sio5Geo5  when  Ge  atoms 
are  found  to  be  trapped  within  the  growing  Si02  layer 
during  the  initial  stage  of  oxidation  (linear  region).  The 
behaviour  of  implanted  metallic  impurities  has  been 
studied  by  several  authors  [16,17]  who  also  have  pro¬ 
posed  that  the  observed  segregation  is  due  to  a  thermo¬ 
dynamic  driving  force  arising  from  differences  in  the 
enthalpies  of  formation  of  the  relevant  oxides.  Kilnei 
[17]  finds  that  those  elements  with  a  large  positive 
enthalpy  of  formation  with  respect  to  Si02  are  strongly 
segregated.  The  data  reported  here  for  implanted 
SiGe  alloy  is  consistent  with  his  findings  and  supports 
our  premise  that  the  system  is  driven  by  chemical 
thermodynamics. 


4.  Conclusion 

The  composition  and  structure  of  an  SiosGcg,  alloy 
implanted  with  high  doses  of  ions  is  reported.  In 
common  with  bulk  Si,  the  formation  of  a  buried  oxide 
layer  in  an  SiGe  alloy  is  found  to  be  controlled  by 


sputtering,  swelling  and  diffusion.  The  dominant  com¬ 
ponent  of  the  burned  layer  is  silicon  dioxide.  Oxygen 
atoms  are  redistributed  at  elevated  temperatures  and 
trapping  and  segregation  of  Ge  is  observed  at  an  anneal 
temperature  of  1000  °C.  These  effect  can  be  attnbuted 
to  chemical  thermodynamics. 
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An  attempt  to  implant  a  high  dose  (up  to  1.8 x lO”* cm'^)  of  O*  ions  into  a  SiQjGeo,  alloy  grown  by  molecular  beam  epitaxy 
(MBE)  was  made  in  this  work,  and  the  oxidation  of  the  alloy  by  the  implantation  before  and  after  thermal  treatment  was  studied 
using  X-ray  photoelectron  spectroscopy  (XPS).  The  changes  ol  the  composition  distribution  in  the  sample  were  observed  from  the 
XPS  depth  profiles  The  chemical  states  of  Si  and  Ge  as  well  as  the  location  of  their  oxides  were  obtained  from  the  spectrum  fitting. 
The  results  indicate  that  compared  to  the  implantation  made  on  single  crystal  Si  or  Ge,  this  alloy  seems  to  have  more  in  common 
with  the  bulk  St  and  the  reason  is  attributed  to  the  different  reactivities  between  Si  and  Ge  with  oxyeen  and  the  different  stabilities  of 
their  oxides  A  possible  way  to  improve  the  experiment  to  achieve  the  SIMOX  (separation  by  implanted  oxygen)  structure  in  this 
material  is  also  suggested 


1.  Introduction 

Synthesizing  silicon  dioxide  by  implanting  high-dose 
oxygen  ions  into  bulk  silicon  wafers  is  a  very  promising 
technique  for  forming  silicon-on-insulator  (SOI)  struc¬ 
tures  [1-3],  By  annealing  the  wafers  afterwards  at  high 
temperature,  usually  over  1000  °  C,  a  layer  of  stable  high 
quality  dielectric,  i  e.,  Si02,  can  be  achieved  in  the 
oxygen  buried  region  to  eliminate  those  unwanted  resis¬ 
tive  and  capacitive  loads  produced  by  the  thick  slab  of 
silicon  underneath.  In  the  meantime  the  lattice  damage 
induced  by  the  implantation  is  restored  and  the  defects 
within  the  oxygen  projected  range  are  annihilated  owing 
to  the  high  temperature  annealing. 

This  technology,  separation  by  implanted  oxygen 
(SIMOX),  has  the  strength  that  lon-beam  processing  is 
predictable,  transferable  and  easy  to  control.  In  recent 
years  a  considerable  number  of  investigations  have  been 
made  and  though  in  practice  there  are  still  some  poten¬ 
tial  problems  to  be  solved  [2],  the  benefits  of  using  this 
material  have  been  demonstrated  by  many  lescaidi 
laboratories  [4-6]. 

On  the  other  hand  there  are  relatively  few  studies  of 
Si/Ge  heterostructures  and  SiGe  alloys  processed  in 
this  way,  which  can  be  very  useful  materials  for  applica¬ 
tions  in  opto-electronics.  Consequently  an  attempt  has 


been  made  in  our  recent  research  [7]  to  implant  a  high 
dose  of  O^  ions  into  a  Si/Ge/Si  heterostructure.  The 
results  from  X-ray  photoelectron  spectroscopy  (XPS), 
Rutherford  backscattering  (RBS)  and  infrared  (IR) 
transmission  spectroscopy  show  that  the  Ge  in  the 
middle  layer  mixed  with  Si  on  each  side  durin'^  the 
implantation  and  diffused  further  into  the  Si  ayers 
after  the  annealing,  which  resulted  in  its  interfaces  with 
Si  becoming  quite  obscure.  For  this  reason  we  report  in 
this  paper  an  investigation  on  high-dose  oxygen  implan¬ 
tation  into  a  SiosGep,  alloy.  XPS  was  employed  to 
provide  the  information  of  the  formation  and  the  char¬ 
acters  of  the  Si-0  and  the  Ge-0  bonding  as  well  as  the 
composition  profiles.  In  addition,  the  samples  were  also 
studied  with  RBS,  channelling  and  IR  and  the  results 
from  this  part  of  the  investigations  will  be  discussed  in 
detail  in  another  paper  in  these  proceedings  [8]. 


2.  Experimental 

Tie  samples  used  for  this  study  were  first  prepared 
by  molecular  beam  epitaxy  (MBE).  Based  on  a  well 
grown  Si  buffer  layer  on  an  n-type  (100)  silicon  (p  =  15 
J2cm“‘)  substrate,  a  900  nm  thick  film  of  SiosGeps 
alloy  with  a  75  nm  Si  cap  on  the  top  was  grown. 
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To  achieve  the  SIMOX  structure,  this  material  was 
then  implanted  with  a  dose  of  1.8  X  10'*  cm“^  O'^'  ions 
at  200  keV.  During  the  implantation  the  temperature  of 
the  target  rose  to  about  550  °C  due  to  the  ion  beam 
current.  Because  the  wafer  was  mounted  on  small  sili¬ 
con  tips,  conductive  heat  loss  was  minimized  and  there¬ 
fore  the  substrate  was  maintained  around  550°  C,  which 
is  known  to  be  good  for  lattice  restoration.  Annealing 
was  accomplished  by  keeping  the  sample  in  a  dry 
nitrogen  atmosphere  in  a  quartz  tube  furnace  at  1000°C 
for  one  hour. 

XPS  analysis  was  carried  out  with  a  VG  Scientific 
ESCALAB  Mkll  system  equipped  with  a  concentric 
hemispherical  analyser  (CHA).  Al  Ka  radiation  (1486.6 
eV,  10  kV,  20  mA)  was  used  as  the  X-ray  source,  and 
the  analyser  operating  in  the  CAE  mode  at  a  pass 
energy  of  50  eV  for  a  survey  spectrum  and  at  20  eV  for 
the  high  resolution  spectra  of  individual  elements.  An 
ion  gun  (VG  Scientific  AG21)  operating  at  3  kV  in  the 
focussed  mode  was  employed  as  the  bombardment  beam 
(Ar*)  for  depth  profiling,  and  a  target  current  of  15  [lA 
was  obtained.  The  etch  rate  was  found  to  vary  with  the 
sample  composition.  For  the  implanted  samples,  an 
average  erosion  rate  of  2.0(±15%)  nm/min  was  esti¬ 
mated.  The  base  pressure  was  maintained  at  better  than 
3x10''°  mbar  and  the  argon  gas  pre.ssure  dunng 
profiling  was  kept  at  1  X  10'’  mbar. 


3.  Results  and  discussion 

Fig.  1  Shows  the  XPS  depth  profile  for  the  sample 
cut  from  the  wafer  before  the  implantation.  The  result 
confirms  that  this  alloy  is  SiosGcos  and  there  is  no 
preferential  sputtering  for  this  material  dunng  the  Ar^ 
etching. 

The  results  of  the  XPS  depth  profiles  from  the 
implanted  sample  before  and  after  the  thermal  treat- 


Fig.  1  XPS  depth  profile  for  the  unimplanted  sample.  The 
result  confirms  that  this  alloy  is  SiosGe^u  and  there  is  no 
preferential  sputtenng  for  this  material  dunng  the  Ar'* 
etching 


Etch  time  (minutes) 

Fig.  2.  XPS  depth  profile  from  the  as-implanted  sample  without 
annealing.  The  implantation  was  performed  at  200  keV  with  a 
dose  of  1.8  X  lO'^cm"' O"^  ions. 

ment  are  presented  in  fig.  2  and  fig.  3  respectively. 
These  cur\’es  show  the  integral  amount  of  each  element, 
in  all  its  forms.  It  can  be  seen  from  fig.  2  that  the 
distribution  of  the  composition  in  ‘he  sample  has 
changed  dramatically  after  the  implantation.  In  com¬ 
parison  with  fig.  1,  the  top  Si  layer  of  the  sample  has 
been  removed  because  of  the  oxygen  sputtering  during 
the  implantation.  There  is  a  plateau  region  of  the  oxygen 
distribution  around  the  etch  time  of  200-350  min,  within 
which  the  Si  is  nearly  twice  as  much  as  the  Ge  whereas 
beyond  this  region  a  Ge-rich  layer  shows  up.  After  the 
annealing  this  Ge  segregation  becomes  much  more  dis-- 
tinct  (fig.  3).  In  particular,  on  the  side  near  to  the 
sample  surface  the  gradient  of  Ge  is  much  greater  than 
that  of  Ge  close  to  the  Si  buffer  layer,  and  the  ratio  of 
Ge  to  3i  IS  about  2.  On  the  contrary,  the  Si  in  the 
plateau  region  of  the  oxygen  is  increased. 


thermal  treatment  was  carried  out  in  a  quartz  tube  furnace  at 
1000°C  in  a  dry  nitrogen  atmosphere  for  one  hour. 
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It  is  generally  agreed  [1,2]  that  for  the  SIMOX 
structure  achieved  on  Si  single  crystals,  the  implanted 
oxygen  has  a  skew  Gaussian  profile  but  once  the  dose 
of  ions  in  the  peak  approaches  the  value  for 
stoichiometric  SiOj  (a  volume  concentration  of  2.2  x 
10^^  cm“^,  corresponding  to  a  value  about  1.4  X 

lO'*  cm"^),  a  thin  layer  of  Si02  will  be  formed.  The 

increasing  dose  of  oxygen  afterwards  only  favours  the 
growth  of  this  SiOj  film  and  hence  an  oxygen  saturated 
region  appears,  which  results  in  the  distribution  of  the 
oxygen  becoming  top  flat  in  shape.  Consequently  the 
original  peak  shape  can  not  be  observed.  Again  this  is 
true  for  the  SiosGcos  alloy.  In  the  plateau  region  of  the 
oxygen  distribution  (fig.  2),  the  proportion  of  O  to  Si  is 
approximate  to  2.74,  much  higher  than  the  value  for 
stoichiometric  SiOj.  Therefore,  the  concentration  of  the 
oxygen  in  this  region  is  also  saturated  and  its  profile  has 
the  similar  top-flat  shape. 

The  changes  of  the  chemical  states  inside  the  sample 
for  both  cases,  before  and  after  annealing,  are  also 
observed  from  the  XPS  spectra.  In  order  to  view  these 
changes  clearly,  a  series  of  spectrum  fittings  for  each  of 
the  above  cases  have  been  made  using  the  method  of 
least  squares.  Results  presented  in  the  normalized  pro¬ 
file  form  are  shown  in  fig.  4  (as-implanted)  and  fig.  5 
(after  annealing). 

Fig.  4  shows  that  in  the  oxygen  saturated  region 
more  than  90%  of  the  Si  has  converted  to  SiO^,  while 
SiO,  (C  <  x  <  2)  mainly  exists  at  the  Si/SiOj  interfaces. 
A  part  of  the  Ge  also  forms  Ge02  in  this  region,  but 
compared  to  the  S1O2,  the  amount  of  the  Ge02  is  less 
and  distributes  in  a  smaller  area.  Again  a  little  GeO, 
(0  <  .x  <  2)  is  found  at  the  Ge/Ge02  interfaces. 

After  the  annealing  all  the  Si  in  that  oxygen  saturated 
region  is  converted  to  SiOj  .ind  the  Si/Si02  interface.s, 
especially  on  the  side  towards  to  the  surface,  become 


Fig.  4  XPS  depth  profile  in  the  normalized  form  for  the 
as-implanted  sample  The  profile  is  made  by  a  senes  spectrum 
fittings  with  the  method  of  the  least  square  procedure.  The 
purpose  of  using  this  normalized  form  lies  in  that  it  has  the 
advantage  to  show  the  chemical  states  of  the  different  compo¬ 
nents  in  one  diagram  without  curve  overlap 


Etch  time  (minutes'! 

Fig.  5  XPS  depth  profile  in  the  normalized  form  for  the 
annealed  sample  obtained  in  the  same  way  as  mentioned  in 
fig  4. 


much  sharper.  As  a  result,  only  a  little  SiO,  remains  at 
these  interfaces.  Unlike  the  Si02  the  ratio  of  the  GeO^ 
to  GeOj  is  increased  after  annealing  though  the  total 
amount  of  Ge  in  oxide  form  reduces. 

From  previous  work  on  SIMOX,  Sjoreen  et  al.  [9], 
wishing  to  achieve  the  germanium-on-insulator  (GOI), 
implanted  high  dose  ions  into  a  Ge  single  crystal. 
This  attempt  seems  not  to  have  been  successful  because 
the  oxygen  implanted  Ge  only  contained  GeO^  (0  <  x 
<  2)  instead  of  forming  Ge02.  Furthermore,  the  buried 
oxygen  layer  was  gone  after  the  annealing  at  650  °C 
and  all  that  remained  was  a  damaged  Ge  substrate. 

Unlike  the  case  that  they  reported.  SiGe  alloy  u.sed 
in  this  experiment  shows  its  quite  different  behaviour. 
The  existence  of  the  Si  leads  to  the  formation  of  Si02 
after  the  oxygen  was  implanted  and  the  Si-0  bond  in 
the  SiOj,  due  to  its  high  chemical  stability,  fixed  oxygen 
in  its  buried  area  As  shown  in  fig.  4,  in  the  oxygen 
saturated  region  Si02  is  the  mam  component  and  Si”  is 
close  to  zero.  Therefore  the  equilibrium  Si  -F  20  5=^  Si02 
(the  standard  free  energy  of  formation  AG298  =  -850.7 
kJ  mol~'  [10])  is  almost  to  the  nght  hand  side  and  O  is 
in  excess.  On  the  other  hand,  as  it  is  known  that  the 
reactivity  of  Ge  towards  oxidation  is  much  less  than 
that  of  Si  [10,11],  most  of  the  Ge,  being  larger  than  Si, 
had  to  be  rejected  from  this  oxygen  saturated  region 
becau.se  of  its  lack  of  solubility  m  SiOj..  The  remaining 
small  part  of  Ge  was  then  in  equilibrium  with  the  excess 
O  according  to  Ge  +  20  5=^  Ge02  (AG29S  = -497.1 
kJ  mol"'  [10]),  but  both  Ge  and  GeOj  are  present  and 
the  concentration  of  Ge02  has  a  profile  expected  for  O. 
Thus  the  reaction  is  controlled  by  the  local  oxygen 
concentration  and  the  oxygen  activity  is  revealed  by 
ratio  |Ge02]/[Ge]  m  the  light  of  mass  action  equi-- 
librium.  At  the  shoulders  of  the  plateau  the  equilibria 
Ge  -t-  Ge02  2GeO  and  Si  +  Si02  ^  2SiO  determine 
the  oxygen  concentration  as  all  three  species  are  pres¬ 
ent. 
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However,  the  growth  of  the  oxide  film  thickness 
intensified  the  oxygen  diffusion  and  hence  the  oxidation 
process  concurrent  with  implantation  was  arrested.  The 
approach  to  oxidation  equilibrium  can  be  regenerated 
by  thermal  treatment:  transport  through  the  oxide  layers 
resumed  and  more  Si02  formed.  The  increasing  ratio  of 
GeO,  to  GeOj  is  attributed  to  the  fact  that  the  anneal¬ 
ing  favours  the  Ge  suboxide  states  [11]  which  have  a 
greater  free  energy  of  formation  than  GeOj.  For  this 
reason,  it  is  expected  that  by  increasing  the  annealing 
time  and  temperature  the  amount  of  Si02  will  increase 
further  while  less  Ge  will  remain  in  that  region  and 
eventually  a  layer  of  film  containing  only  Si02  will  be 
formed.  This  goal  may  also  be  reached,  in  another  way, 
by  reducing  the  proportion  of  Ge  to  Si  in  the  alloy.. 


4.  Conclusions 

The  behaviour  of  the  SiosGeo  j  alloy  after  the  im¬ 
plantation  of  a  high  dose  of  oxygen  appears  to  have 
more  in  common  with  that  of  the  bulk  Si  rather  than 
the  Ge.  The  implanted  oxygen  tends  to  bond  Si  as  SiOj, 
whereas  Ge  is  found  to  be  rejected  from  the  oxide  and 
to  pile  up  at  the  Si/Si02  interfaces  except  that  a  little 
Ge  with  its  oxides  remains  in  the  oxygen  saturated 
region.  Annealing  up  to  1000  °C  favours  the  formation 
of  SiO;  but  reduces  the  amount  of  GeOj.  which  leads  to 
more  Ge  to  be  repelled  from  that  region.  Perhaps  a 
SIMOX,  having  the  structure  of  Si^Ge, on  Si02, 
could  be  achieved  by  either  reducing  the  ratio  of  Ge  to 
Si  in  the  alloy  or  increasing  the  annealing  time  and 
temperature,  or  both. 
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In  order  to  study  the  kinetics  of  amorphisation  and  regrowth  m  SIMOX  material,  device  grade  SIMOX  wafers  were  implanted 
with  80  and  150  keV  ^’'Si'^  tons  at  room  temperature  over  the  dose  range  IxlO''*  to  5X10'*  cm“’  Bulk  silicon  control  samples 
((100),  17  Qcm)  were  implanted  at  the  same  time  under  similar  conditions.  Subsequently  these  samples  were  annealed  at  temperatures 
of  up  to  550  “C.  The  regrowth  kinetics  were  studied  using  1.5  MeV  He"^  Rutherford  backscattenng  and  channeling  and  in  this  paper 
a  companson  of  the  regrowth  in  bulk  silicon  and  in  SIMOX  is  reported. 


1..  Introduction 

The  end  goal  of  forming  a  SIMOX  structure  is  to 
obtain  a  perfect  single-crystal  silicon  layer,  with  bulk- 
like  electrical  properties,  above  the  isolated  Si02  layer. 
Very  few  studies  have  been  devoted  to  investigations  of 
the  properties  of  the  top  silicon  layer  in  SIMOX 
material.  (See,  e.g.,  refs.  [1-3]).  It  is  clear,,  that  this 
silicon  overlayer  will  be  subjected  to  various  technologi¬ 
cal  treatments  when  producing  devices  therein.  Particu¬ 
larly,  the  technique  of  creating  a  preamorphised  silicon 
layer  before  B''  or  ion  implantation  is  a  well-estab¬ 
lished  method  of  eliminating  unwanted  channelling  dur¬ 
ing  shallow  junction  formation.  A  dual  implantation 
and  annealing  procedure  [4]  could  also  be  utilised  to 
improve  the  crystal  perfection.  Therefore,  the  study  of 
the  kinetics  of  silicon  amorphisation  and  solid  phase 
epitaxial  regrowth  is  not  only  of  fundamental  interest, 
but  is  required  if  the  benefits  of  using  SIMOX  sub¬ 
strates  are  to  be  fully  exploited. 


2.  Experimental 

In  order  to  study  the  kinetics  of  amorphisation  and 
regrowth  in  SIMOX  material,  device  grade  wafers  were 
implanted  with  80  and  150  keV  ^*Si*  ions  at  room 
temperature  over  thi  dose  range  1  x  10'^  to  5  X  10‘* 
cm“^.  Bulk  silicon  control  samples  ((100),  17  SI  cm) 
were  implanted  at  the  same  time  under  similar  condi¬ 
tions.  SIMOX  substrates  were  obtained  by  200  keV 
’*0"^  ion  implantation  into  device  grade  single  crystal 
(100)  silicon  wafers  at  a  dose  of  1.8  X  lO'*  cm"^  fol¬ 
lowed  by  annealing  at  1300°C  for  5  h.  In  order  to 


investigate  the  solid  phase  epitaxial  regrowth  kinetics, 
these  samples  were  subsequently  annealed  over  the  tem¬ 
perature  range  of  470-530  °C.  The  regrowth  and 
amorphisation  kinetics  were  studied  using  1.5  MeV 
He"^  Rutherford  backscattenng  and  channelling. 


3.  Results  and  discussion 

Channelling  RBS  spectra  taken  from  a  SIMOX  sam¬ 
ple  (top)  and  a  sample  of  bulk  Si  crystal  (bottom)  are 
presented  in  fig.  1.  The  channels  about  270-230,  230- 
170  and  140-90  in  fig.  l(top)  correspond  to  ion  scatter¬ 
ing  from  the  surface  silicon  layer,  silicon  atoms  in 
amorphous  Si02  and  oxygen  atoms  in  Si02,,  respec¬ 
tively. 

There  is  no  difference  in  amorphisation  kinetics  be¬ 
tween  the  two  types  of  samples  when  the  implantation 
dose  exceeds  1  X  lO'^  cm~^  (fig.  1).  However,  the 
amount  of  defects  in  the  damaged  layer  is  different 
when  the  dose  is  equal  to  3  X  10'“'  for  80  keV  Si^ 
implantation  and  within  the  range  of  6  X  10'“*  to  1  x 
lO'^  for  150  keV  Si^  implantation  (figs.  1  and  2).  We 
find  that  accumulation  of  defects  in  SIMOX  samples 
proceeds  more  slowly.  A  continuous  amorphous  layer 
growing  from  the  sample  surface  is  formed  in  the  bulk 
silicon  sample  for  aoses  >  6  x  lO'"*  cm^  for  80  keV  Si”^ 
implantation.  In  the  SIMOX  samples  this  amorphous 
layer  is  formed  for  do.ses  >  9  X  10’^  cm^.  Upon  150  keV 
Si^  implantation  the  buried  amorphous  layer  reaches 
the  sample  surface  at  a  dose  of  3  x  10'^  cm^  for  both 
types  of  samples.  In  all  the  cases  of  implantation, 
excluding  150  keV  Si^  implantation  at  doses  >  1  X  lO'^ 
cm~^,  a  crystalline  layer  existed  between  the  buried 
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Fig.  1  Rutherford  backscattenng  and  channelling  spectra  taken  from  (top)  SIMOX  structures,  and  (bottom)  bulk  silicon  samples  for 
various  doses  of  80  keV  Si'^  ion  implantation.  (A)  virgin;  (B)  IXlO’^  cm^^;  (C)  3X10’''  cm'^;  (D)  6x10'''  cm"^;  (E)  9x10'“' 

cm"*;  (F)  1.2xl0'’cm"^  (G)  Nonchanneling  spectra. 

sthcon  dioxide  layer  and  the  amorphous  one.  This  layer  (a  -♦  c  transition)  depend  on  the  properties  of  the  sili- 

serves  as  a  seed  for  crystallisation  during  subsequent  con  overlayer  and  the  nearness  of  the  S1-S1O2  interface, 

annealing.  However,  this  influence  is  not  very  dramatic. 

In  our  investigations  of  the  regrowth  kinetics  of  the  To  understand  the  influence  of  the  S1-S1O2  interface 

amorphous  and  damaged  layers  in  the  temperature  range  on  the  a  c  transition  rate  one  should  bear  in  mind  the 

470-530 °C,  we  have  found  a  different  behaviour  for  following  facts.  It  is  known  [5]  that  accumulation  of 

the  two  groups  of  samples.  silicon  interstitials  takes  place  near  the  Si-Si02  inter- 

The  first  group  consists  of  samples  with  a  buried  face  during  high-temperature  annealing.  This  is  a  result 

amorphous  layer  and  is  characterised  by  a  regrowth  rate  of  the  internal  j.iddation  process.  The  diffusion  mobility 

which  is  twice  as  high  as  that  for  the  samples  with  a  of  interstitials  is  rather  high  even  at  room  temperature 

continuous  amorphous  surface  layer.  This  is  quite  un-  (6). 

derstandable.  For  the  samples  with  a  surface  amorphous  According  to  the  model  developed  in  [7],  the  rate  of 

layer  the  regrowth  rate  is  slightly  less  tor  SIMOX  sam-  the  c  -*  a  transition  under  the  ion  irradiation  conditions 

pies  (-  15%  less)  than  that  for  bulk  silicon  samples.  is  limited  by  the  vacancy-type  defect  flux  onto  the  a-c 

Die  experimental  data  obtained  show  that  the  rates  interface  from  the  crystal  side  (fig.  3).  When  the  SIMOX 

of  both  phase  transitions,  namely,  crystal- amorphous  structure  is  irradiated  by  silicon  10ns,  the  number  of 

phase  (c  -*  a  transition)  and  amorphous  phase-crystal  vacancy-type  defects  coming  onto  the  c-a  interface  is 
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Fig  2  Channelling  spectra  taken  from  SIMOX  (□)  and  bulk  silicon  (■)  samp'es  for  150  keV  Si*  ions  implanted  at  a  dose  of  6x  lO'^ 

cm"'. 
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less  in  comparison  with  bulk  silicon  irradiation  because 
some  of  them  are  annihilated  by  interactions  with  ex¬ 
cess  interstitials.  This  results  in  a  decrease  of  the 
amorphisation  rate  in  the  SIMOX  samples  as  compared 
to  the  that  in  the  bulk  silicon  samples  which  are  free 
from  extra  silicon  interstitials.  It  is  suggested  that  the 
equalisation  of  amorphisation  rates  for  both  types  of 
materials,  at  larger  irradiation  doses,  is  due  to  the 
exhaustion  of  excess  mobile  interstitials. 

The  difference  in  the  value  of  the  limiting  irradiation 
dose  at  which  the  difference  in  the  amorphisation  rate 
between  the  SIMOX  and  bulk  silicon  samples  still  exists 
can  be  explained  withir.  the  framework  of  the  foregoing 
model.  Indeed,  the  a  c  interface  is  located  closer  to  the 
Si-SiOj  interface  for  150  keV  Si^  irradiation  than  in 
the  case  of  80  keV  Si '  ton  bombardment.  This  leads  to 
more  effective  an-ahilation  of  defects  in  the  first  case 
providing  a  delay  in  the  movement  of  the  a-c  interface 
to  larger  irradiation  doses. 

According  to  ref.  [7]  the  factor  limiting  the  a  -♦  c 
transition  is  the  interstitial-type  defect  flux  onto  the  a-c 
interface  from  the  amorphous  phase  side.  This  suggests 
that  at  the  temperature  of  the  a  -*  c  transition  (470  to 
530  °C  in  the  present  work)  an  excess  number  of  inter¬ 
stitials  are  released  from  complexes  where  they  are 
bound  at  room  temperature.  The  flux  of  these  defects, 
directed  onto  the  a-c  interface  from  the  crystal  side, 
will  compensate  the  flux  of  interstitials  from  the 
amorphous  phase  side  and,  hence,  decrease  the  rate  of 
the  a  -♦  c  transition. 


4.  Conclusions 

(1)  The  Si-Si02  interface  affects  the  rate  of  a  c 
transitions. 

(2)  This  influence  is  due  to  the  flux  of  excess  intersti¬ 
tials  directed  onto  the  a-c  interface  from  the  crystal 
region  located  near  the  Si-Si02  interface. 

(3)  The  experimental  data  obtained  gives  additional 
evidence  of  the  influence  of  the  point-defect  flux  on 
the  parameters  of  amorphisation  and  solid  phase 
epitaxial  crystallisation. 
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SOI  (silicon-on-msulator)  structures  have  been  formed  by  high  dose  (1.8-2.0X  10'*  O*  cm"^)  O'^  implantation  into  n-type  (100) 
Si  samples  at  200-350  keV,  after  the  different  annealing  methods.  The  SOI  structures  were  evaluated  by  means  of  infrared  absorption 
spectroscopy  (IR)  and  electron  paramagnetic  resonance  spectroscopy  (EPR).  After  one-step  high-temperature  annealing,  the  buried 
SiO-  layers  in  SOI  wafers  became  amorphous.  There  are  three  major  characteristic  peaks  in  the  IR  spectra  which  are  the  same  as 
those  of  the  thermal  Si02  film.  The  three  absorption  coefficients  were  calculated.  A  new  nondestructive  method  to  determine  the 
thickness  of  a  buried  SiOj  layer  in  the  SOI  wafers  is  suggested  by  using  IR  spectra  without  destruction  of  the  wafers.  After  two-step 
annealing,  the  results  of  IR  and  EPR  measurements  proved  that  a  crystalline  buried  SiOj  layer  in  the  SOI  wafer  was  obtained  The 
vibration  of  the  Si-Si  band  in  this  SOI  wafer  is  much  stronger  than  ihat  in  one-step  annealed  SOI  wafers  and  the  CVD  SiO^  and  the 
thermal  SiOj  film  The  absorption  coefficient  of  the  Si-Si  band  in  this  SOI  wafer  is  about  four  times  of  that  in  the  amorphous  S1O2 
wafers. 


1..  Introduction 

There  is  increasing  interest  in  making  silicon-on-in¬ 
sulator  (SOI)  structures  by  high  dose  oxygen  implanta¬ 
tion  into  Si.  SOI  wafers  may  someday  replace  SOS 
(silicon-on-sapphire)  to  make  the  high  speed  CMOS 
circuits  and  radiation  hardened  devices  [1]. 

Properties  of  SOI  structures  fabricated  by  different 
procedures  have  been  reported  in  many  papers  mostly 
by  RBS  (Rutherford  backscattering  spectroscopy),  TEM 
1  transmission  electron  microscopy)  and  SIMS  (sec¬ 
ondary  ion  mass  spectrometry)  techniques  [2-6].  We 
have  evaluated  some  SOI  materials  by  RBS.  SR  (spread¬ 
ing  resistance).  EPS  (elliptical  polarization  spectros¬ 
copy)  and  IR  absorption  spectroscopy  [7]. 

In  this  study,  we  mainly  use  IR  spectra  to  analyse 
the  structural  change  of  buried  Si02  l.’vers  in  SOI 
wafers  made  after  the  different  annea’ing  methods. 
Based  on  the  results  of  IR  spectra,  we  recommend  a 
new  nondestructive  method  of  determining  the  thick¬ 
ness  of  a  buried  Si02  (I’®  wafer  without 

destruction  of  the  sample. 

2.  Experimental  procedure 

Five  J2-cm  n-type  Si  wafers  with  (1(X))  onentation 
were  implanted  with  an  oxygen  dose  of  1. 8-2.0  x  lO'* 
O^  cm"^  at  200-350  keV.  During  the  implantation,  the 
wafer  temperature  was  kept  constant  between  80  and 


450  °C  by  adjusting  the  O^  beam  current  between  40 
and  300  (xA  in  the  implanted  area  of  (2  x  2)-(4  x  4) 
cm^.  The  implanted  wafers  were  annealed  by  a  furnace 
or  by  rapid  lamp  annealing  equipment  or  by  both  of 
them  at  600-1300  *  0  for  30  s-2  h  in  a  Nj  atmosphere. 

The  sol  wafers  were  examined  by  IR  and  EPR 
measurements,  before  and  after  various  annealing  con¬ 
ditions.  Founer-transform  infrared  spectroscopy  was 
used  for  IR  spectra  in  the  energy  range  from  400  to 
1400  cm"'.  The  surface  of  the  buried  SiOj  layer  in 
wafer  no.  45-1  was  exposed  by  plasma-etching  the  over¬ 
laying  Si  layer.  The  thickness  of  buried  oxide  layer  was 
measured  by  ellipsometry..  We  have  calculated  the  ab¬ 
sorption  coefficients  from  the  IR  spectra  and  the  thick¬ 
ness  of  the  buned  S1O2  layer..  Using  our  experimental 
data,  the  thickness  of  the  buried  SiOj  layer  in  a  SOI 
wafer  will  be  determined  without  destroying  the  SOI 
sample. 

3.  Results  and  discussion 

The  spectrum  of  the  unimplanted  surrounding  region 
was  used  as  a  reference  background  to  determine  the  IR 
spectra  of  SOI  wafers.  Data  from  IR  spectra  of  CVD 
S1O2  and  thermal  S1O2  films  were  compared  with  our 
results  to  help  define  the  structure  of  buned  Si02  layers 
in  the  SOI  wafers. 

Fig  1  shows  the  IR  spectra  of  the  samples  implan- 
tated  with  2.0x10**  O'*  cm"^  at  200  keV  at  the 
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Fig.  1.  IR  spectra  of  wafeis  implanted  at  the  substrate  temper¬ 
ature  SOO’C  with  20x10'*  O'"  cm'^  at  200  keV.  No.  45-2 
was  the  as-implanted  wafer;  no.  45-1,  the  same  wafer  annealed 
at  1200  °C  for  2  h  in  a  Nj  atmosphere. 

substrate  temperature  300  "C.  Wafer  no.  45-1  was  an¬ 
nealed  at  1200° C  for  2  h  in  a  Nj  atmosphere,  no.  45-2 
was  non-annealed. 

Fig.  2  shows  the  IR  spectra  from  the  CVD  SiOj  and 
the  thermal  SiOj  (dry  Oj,  2  h  plus  wet  Oj,  4  min)  films. 

There  are  three  major  peaks  in  the  energy  range  of 
400-1400  cm”'..  The  first  peak  P,  (around  1085  cm”') 
IS  the  well-known  Si-0  stretching  vibration  mode;  the 
second  peak  (around  805  cm”')  the  Si-Si  stretching 
vibration  mode;  and  the  third  peak  Pj  (around  460 
cm”')  the  Si-O-Si  bending  vibration  mode  [8.9],  After 
high-temperature  annealing  (HTA),  the  three  peaks 
moved  to  higher  wavenumbers  and  became  narrow  in 
the  IR  spectra  of  SOI  wafers.  The  positions  and  shapes 
of  the  IR  spectra  of  SOI  wafers  after  HTA  are  nearly 
the  same  as  that  of  the  thermal  SiOj  film  [10,11],  This 
indicates  that  the  thermal  energy  caused  oxygen  re¬ 
arrangement,  structural  changes  in  the  silica  networks 
and  reduced  the  lattice  strain  introduced  by  oxygen 
implantation.  Angular  reorientation  of  the  Si-O-Si 
center  and  futher  condensation  of  the  Si-0  chains  are 
possibilities  of  these  structural  changes  [12]. 


The  infrared  transmission  minima  in  the  Si02  film 
obey  the  Lambert-Bouguer  law: 

^  =log(/o//)=0.434ar,.  (1) 

where  A  is  the  absorbance  or  optical  density  at  the 
minimum;  Iq  and  /,  the  incident  and  transmitted  inten¬ 
sities,  respectively;  a  is  the  absorption  coefficient  and  /, 
the  sample  thickness  [12],  This  property  will  be  utilized 
as  a  nondestructive  method  of  determing  the  thickness 
of  a  buried  SiOj  layer  in  SOI  wafers  by  IR  absorption 
spectroscopy,  if  the  absorption  coefficients  of  a  buried 
Si02  layer  are  obtained.  After  plasma-etching  the 
surface  Si  layer  in  the  SOI  wafer  with  CF4  gas,  the 
thickness  of  the  buried  Si02  layer  (/g)  was  measured  by 
an  ellipsometer.  The  thickness  of  the  buried  Si02  layer 
to  and  the  absorption  coefficients  a  from  this  study  and 
ref.  [12]  are  shown  in  table  1. 

Fig.  3  gives  the  IR  spectra  from  wafers  implanted 
only  in  the  center  part  (2x2  cm^)  with  2.0  x  10'*  O^ 
cm”^  at  200  keV.  Oxygen  implantation  was  performed 


Wavenumber  ( cm”  > ) 

Fig.  2.  IR  spectra  from  the  CVD  S1O2  film  (1000 °C,  20  min) 
and  the  thermal  SiOj  film  (dry  O2, 1100°C,  2  h  plus  wet  O2,  4 
mm). 
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Wavenumber  (cm  i ) 

Fig  3  IR  spectra  from  the  wafers  implanted  at  the  substrate 
tempera'ure  450°C  with  2  0x10'*  cm"^  at  200  keV.  No 
3-0  is  the  as-implanted  wafer,  no  3-1  is  the  same  wafer 
annealed  at  nOO'T  for  30  s  bv  rapid  lamp  annealing  equip¬ 
ment 

at  the  substrate  temperature  450  ±  10°C  by  controlling 
the  O'''  beam  current  250-270  pA  tn  the  implanted  area 
2x2  cm^.  No.  3-0  is  the  as-implanted  wafer;  no.  3-1  is 
the  same  wafer  annealed  at  1200°C  for  30  s  in  a  rapid 
lamp  annealing  equipment.  By  comparing  fig.  3  with 
fig.  2,  we  notice  that  the  structure  of  the  buried  Si02 
layer  after  HTA  (no.  3-1)  appears  to  be  very  close  to  the 
thermal  Si02  film.  The  thickness  of  the  buried  Si02 
layer,  t^,  in  wafer  no.  3-1  was  calculated  by  using  eq.  (1) 
and  the  absorption  coefficients  in  table  1. 

to  =  2.303  (/1/a)  =  4025  A  in  wafer  no.  3-1. 

The  concentration  of  oxygen  atoms  Ag  is  between  4.37 
and  4.56x10^^  O''^  cm"^  in  the  thermal  Si02  films 
(12).  To  form  the  buried  S1O2  layer  in  wafer  no.  3-1,  the 
actual  dose  ipo  was  estimated; 

%  =  A’o'o  =  1  -84  X  10’"  O'''  cm-  \ 


Fig.  4  is  the  IR  spectra  from  the  wafers  implanted 
with  1.8  X  10'*  cm'^  at  350  keV  at  room  tempera¬ 
ture.  No.  1-0  is  as-iii -planted;  no.  1-1,  the  same  wafer 
annealed  at  600  °C  for  5  h-  and  no.  1-2  is  the  same 
wafer  annealed  by  a  two-step  process;  (1)  at  600  °C  for 
5  h  in  a  furnace,  and  (2)  at  1200  °C  for  30  s  in  rapid 
lamp  annealing  equipment.  From  the  IR  spectrum  of 
water  no.  1-2,  we  know  that  the  structure  of  buried  Si02 
layer  in  this  two-step  annealed  wafer  is  very  different 
from  that  in  the  CVD  Si02,  the  thermal  Si02  and  the 
buried  Si02  layers  in  the  .301  wafers  before  or  after 


Fig.  4.  IR  spectra  of  wafers  implanted  with  1.8x10'*  O'' 
cru  at  350  keV  at  room  temperature.  No.  1-0  is  the  as-im- 
planted  wafer;  no.  1-1  is  the  same  wafer  annealed  at  600  °C 
for  5  h  in  a  furnace;  no.  1-2  is  the  same  wafer  annealed  by  a 
two-step  process:  (1)  at  600 °C,;  5  h,  in  a  furnace,  ',2)  at 
1200°C,  30  s,  in  rapid  lamp  annealing  equipment. 
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Field  intensity 

Fig  5  EPR  results  from  wafer  no.  1-2  implanted  with  1.8x10** 
O'^  cm'^  after  two-step  annealing  and  CVD  SiO^  wafer  with 
1080  A.  The  EPR  of  no  1-2  changes  with  the  angle  6  (B., 
(100))  and  that  of  CVD  SiO^  wafer  stays  the  same  while  the 
angle  6  ( B.  (100))  is  changing 


one-step  annealing.  This  buned  Si02  layer  in  wafer  no. 
1-2  does  not  look  like  any  amorphous  film. 

Fig.  5  is  the  EPR  results  of  the  wafer  no.  1-2  im¬ 
planted  with  1.8x10**  O'*^  cm'^  after  the  two-step 


annealing  and  the  CVD  Si02  sample  with  1080  A.  The 
EPR  of  no.  1-2  depends  on  the  angle  between  the 
magnetic  field  B  and  the  (100)  orientation.  The  EPR  of 
CVD  Si02  wafer  does  not  change  when  the  angle  d(B, 
(100))  is  changed. 

The  results  of  EPR  proved  that  the  buried  SiOj  layer 
in  no.  1-2  became  a  kind  of  crystalline  structural  layer 
(perhaps  P-quartz).  The  vibration  of  the  Si-Si  band  in 
this  buried  Si02  layer  is  much  stronger  than  that  in 
one-step  annealed  SOI  wafers  and  the  CVD  Si02  and 
the  thermal  Si02  films.  The  absorption  coefficient  of 
the  Si-Si  band  in  this  SOI  wafer  is  about  four  times  of 
that  in  the  amorphous  S1O2  layers.  The  peak  P2  at  807 
cm  '*  is  associated  with  an  oxygen-vacancy  complex 
[O-V],  which  forms  due  to  thermal  redistribution  of 
both  silicon  vacancies  and  interstitial  oxygen  [13]. 


4.  Conclusion 

SOI  structures  have  been  prepared  by  implanting 
high  dose  oxygen  into  Si  at  200-350  keV  after  various 
annealing  conditions. 

A.  The  structure  of  the  buried  S1O2  layer  in  SOI 
wafers  implanted  at  the  higher  substrate  temperature 
(300-450  ®C)  is  similar  to  that  of  the  CVD  Si02  film. 
The  three  major  peaks  of  the  IR  spectra  occur  at  lower 
frequencies  and  have  larger  half-band  widths,  implying 
that  the  atomic  arrangement  is  more  irregular  than  that 
in  thermally  grown  SiOj  film. 

B.  After  HTA,  the  three  major  peaks  (especially  P]) 
show  a  positive  frequency  shift  accompanied  by  an 
increase  in  absorbance  at  the  band  maximum.  This 
means  that  the  shifts  to  higher  frequency  and  narrowing 
of  the  half-band  widths  are  merely  a  manifestation  of 
structural  changes  in  the  silica  network  brought  about 
by  thermal  annealing. 

C.  The  coefficients  of  buried  S1O2  layers  in  SOI 
wafers  before  and  after  annealing  have  been  calculated, 
which  are  a  good  agreement  with  that  of  the  CVD  S1O2 
and  the  thermal  Si02  films,  respectively.  We  have  put 


Table  1 

Absorption  coefficients  calculated  from  the  IR  spectra  of  SOI  wafers  and  other  S1O2  films 


Wafer 

Annealed 

^0 

Mode  Si- 

0 

Mode  Si- 

-Si 

Mode  Si- 

0-Si 

lA) 

Peck 

«i 

Peak 

“2 

Peak 

“3 

lcm'*l 

[cm  *) 

1cm'*) 

[cm  *] 

[cm'*] 

[cm-*] 

No  45-2 

no 

3193 

1067 

2.49X10* 

903 

0.285X10* 

454 

1  27X10* 

No.  45-1 

1200  "C,  2  h 

3256 

1085 

3.10x10* 

805 

0.344X10* 

461 

1  30x10* 

CVD  S1O2 

1000 'C,  20  min 

1080 

1079 

3.09X10* 

809 

0.299x10* 

461 

1  43X10* 

Thermal  S1O2 

dryOj,  1100  “C, 

2  h;  wet  O2, 4  nun 

3320 

1089 

3.45x10* 

808 

0  257X10* 

466 

1.19X10* 

CVD  S1O2  [12] 

1060 

2  56X10* 

800 

0.250X10* 

440 

0.76X10* 

Thermal  Si02  [12] 

1085 

3.20X10* 

805 

0.345  X 10* 

460 

1.08X10* 
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forward  a  new  nondestructive  method  for  determining 
the  thickness  of  buried  Si02  layers  in  the  SOI  wafers  by 
IR  spectra. 

D.  After  two-step  annealing,  the  buried  Si02  layer 
turned  into  a  kind  of  Si02  crystalline  structure.  The 
absorbance  of  the  Si-Si  band  vibration  is  much  stronger 
than  that  in  the  amorphous  Si02  films. 
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Oxygen  ions  were  implanted  at  an  energy  of  150  keV  with  a  dose  of  1.5  x  lO’*  cm"^  in  silicon  through  an  aperture  to  form  locally 
buried  insulating  layers.  Raman  microprobe  measurement  was  performed  to  investigate  the  influence  of  the  locally  buned  insulating 
layer  on  the  top  silicon  layer  at  the  boundary  region  between  local  SOI  and  unimplanted  layers  Single-crystalline  silicon  layers  on 
buned  insulating  layers  after  anneahng  at  1000-1300“C  were  found  to  have  tensile  stresses,  whereas  compressive  stiesses  were 
induced  in  the  unimplanted  region  near  the  boudary  The  tensile  stresses  existing  in  the  SOI  region  were  almost  relieved  after 
annealing  at  1300°C.  The  compressive  stresses  in  the  unimplanted  region  disappeared  after  annealing  at  1300  °C. 


1.  Introduction 

There  has  been  tncreasing  interest  in  single-crystal- 
hne  silicon-on-insulator  (SOI)  structures  because  of 
many  poten'tal  advantages  over  bulk  silicon  [1-3].  Lo¬ 
cal  SOI  structures  have  attracted  attention  for  forming 
an  insulating  layer  under  the  source  and  drain  of  the 
transistor  to  minimize  the  stray  capacitance.  Thus,  ex¬ 
periments  and  computer  simulations  have  been  per¬ 
formed  to  achieve  not  only  vertical  but  also  lateral 
isolations  by  SIMOX  [4-7].  In  some  cases,  device  per¬ 
formance  can  be  enhanced  by  limiting  the  spatial  e.xtcnt 
of  the  buried  oxide  layer  only  under  the  source  and 
drain  region  (6).  However,  few  have  investigated  the 
boundary  region  between  locally  buried  insulating  and 
unimplanted  layers. 

The  problem  of  SOI  structures  by  SIMOX  is  that  the 
single-crystalline  silicon  layer  on  a  buried  insulating 
layer  contains  a  high  density  of  dislocations  and  tensile 
stress  [8,9].  SOI  structures  by  SIMOX  have  recently 
been  extensively  investigated,  cross-sectional  transmis¬ 
sion  electron  microscope  (TEM)  or  Rutherford  back- 
scattering  (RBS)  measurements  being  performed  mainly 
to  investigate  the  crystallinity  of  the  top  silicon  layer  of 
this  structure  [8-10].  Cross-sectional  TEM  measure¬ 
ments  require  special  sample  preparation  and,  hence, 
are  destructive  methods.  Although  RBS  provides  the 
crystallinity  of  the  top  silicon  layer  and  stoichiometric 
information  on  underlying  insulating  layers  nondestruc- 
tively,  it  induces  radiation  damage.  Raman  scattering 

'  On  leave  from:  Central  Research  Laboratory,,  Glory  Ltd., 
Himeji,  Hyogo  670,  Japan 


spectroscopy,  on  the  other  hand,  can  measure  the  sam¬ 
ple  completely  nondestructively  at  room  temperature 
and  does  not  need  special  conditions  such  as  a  vacuum 
[8.9], 

In  this  paper,  the  influence  of  the  locally  buned 
insulating  layer  on  the  top  silicon  layer  at  the  boundary 
region  between  local  SOI  and  unimplanted  layers  was 
investigated  using  Raman  microprobe  mea'urement. 

2.  Experimental  procedures 

Oxygen  ions  were  implanted  to  the  center  of  a 
(lOO)-oriented  3  in.  single-crystalline  silicon  wafer  at  an 
energy  of  150  keV  with  a  dose  of  1.5  X  10'*  cm“^ 
through  a  circular  aperture.  The  diameter  of  the  aper¬ 
ture  is  50  mm.  The  wa^'-r  temperature  during  implanta¬ 
tion  was  controlled  at  600  °  C  by  a  radiation  heater  with 
seven  halogen  lamps  located  at  the  back  side  of  the 
wafer  with  a  10  mm  gap  as  described  elsewhere  [10]. 
The  annealing  was  performed  in  a  nitrogen  atmosphere 
at  temperatures  from  1000  °C  to  1300°C  A  Si02  cap¬ 
ping  layer  was  used  during  annealing  as  a  protective 
layer. 

Microprobe  Raman  scattering  spectroscopy  with  a 
laser  beam  spot  diameter  ol  1.2  ftm  was  used  to  locally 
measure  the  crystallinity  and  residual  stress  in  a  top 
silicon  layer  on  buried  insulating  layers  and  boundary 
layers  to  unimplanted  regions.  The  relative  peak  posi¬ 
tion  of  Raman  signals  can  be  determined  with  an  accu¬ 
racy  of  about  0.1  cm"'.  The  experimental  arrangement 
has  been  described  in  detail  elsewhere  [11].  The  488  nm 
line  of  an  Ar-ion  laser  with  a  penetration  depth  of 
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about  500  nm  in  silicon  was  used  to  excite  the  sample. 
The  laser  power  was  about  5  mW  on  the  sample  surface. 
From  the  intensity  ratio  of  Stokes  to  anti-Stokes,  the 
sample  heating  which  causes  the  frequency  change  was 
not  found  [12]. 


3.  Results  and  di.~cussion 

Fig.  1  shows  the  schematic  of  the  local  SOI  and  its 
boundary.  Oxygen  atoms  implanted  locally  diffuse  to¬ 
wards  the  buried  insulating  layer  at  a  high  annealing 
temperature  because  oxygen  has  a  high  diffusion  coeffi¬ 
cient  in  SiOj  [lOj.  The  crystallinity  and  the  stress  distri¬ 
bution  of  this  boundary  was  locally  investigated. 

Fig.  2  compares  the  Raman  spectra  at  the  center  of 
local  SOI  structures  after  various  annealing  conditions, 
and  for  bulk  silicon.  The  Raman  spec»rum  after  anneal¬ 
ing  at  1000  °  C  has  a  broad  peak  shifted  to  lower  wave 
numbers  by  2.2  cm"'  from  the  Raman  peak  of  bulk 
silicon  centered  at  about  520  cm"'.  The  peak  shift  and 
broadening  of  the  spectra  are  relieved  after  high-tem¬ 
perature  annealing.  Table  1  summarizes  the  Raman 
scattering  measurement  at  the  center  of  local  SOI  struc¬ 
tures  for  various  annealing  conditions.  The  peak  shift 
can  be  considered  as  the  effect  of  stress  [8].  The  stress 
induced  in  this  local  SOI  structure  is  at  first  considered 
as  the  effect  of  the  difference  in  the  thermal  expansion 
coefficient  between  top  silicon  and  buried  insulating 
layers.  The  stress  induced  by  the  difference  of  the 
thermal  expansion  coefficient  is  calculated  to  be  3.5-4.4 
kbar  for  a  temperature  difference  of  1000- 1 300  "C. 
Values  for  the  stress  at  the  ceiiter  of  the  local  SOI 
structure  derived  from  the  sh'it  of  Raman  spectra  are 
0.3-5.7  kbar  [13].  Thus  the  results  of  thermal  expansion 
calculations  are  not  in  good  agreement  with  the  stress 
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Fig.  1.  Schematic  of  the  boundary  region  of  a  local  SOI 
structure. 


RAMAN  SHIFT  (cm"') 

Fig.  2  Raman  spectra  at  the  center  of  local  SOI  structures 
after  various  annealing  conditions,  and  of  bulk  silicon 

derived  from  Raman  shifts.  Another  possible  reason  for 
the  Raman  shift  is  that  it  is  also  due  to  oxide  precipi¬ 
tates  which  create  a  volume  expansion  in  the  top  silicon 
layer  [8,9].  Such  precipitates  diffuse  towards  the  buried 
insulating  layer  by  higher-temperature  annealing,  and 
almost  all  precipitates  diffuse  to  the  insulating  layer 
after  annealing  at  1300°C  [10].  As  a  result,  the  shift 
and  half-width  (FWHM)  of  the  spectra  decreased  with 
an  increase  in  annealing  temperature. 

Fig.  3  shows  a  two-dimensional  mapping  of  the  peak 
shift  and  half-width  of  Raman  scattering  spectra  of 
local  SOI  structures  annealed  at  1100° C.  In  the  region 
of  a  single-crysialhne  silicon  layer  on  a  buried  insulat¬ 
ing  layer  there  is  a  peak  shift  to  lower  wave  numbers  of 
about  1.3  cm"'  from  the  Raman  peak  of  bulk  silicon, 
and  the  half-widths  of  the  spectra  are  about  5.6  cm"'. 


Table  1 

A  comparison  of  Raman  data  at  the  center  of  a  local  SOI  after 
annealing  at  vanous  conditions 


Annealing  temperature 
l°C) 

Width 

(cm"'] 

Shift 

[cm"'] 

ItXJO 

8.5 

2.1 

1100 

5.6 

1.4 

1200 

4.2 

0.5 

1300 

3.5 

0.3 
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Fig  3  Two-dimensional  mapping  of  the  peak  shifts  and  half¬ 
widths  of  Raman  scattenng  spectra  for  a  local  SOI  structure 
after  annealing  at  1100®C. 


whereas  in  the  unimplanted  region  the  peak  is  shifted  to 
higher  wave  numbers  by  about  0.6  cm"',  and  the  half¬ 
widths  of  the  spectra  also  change  to  the  smaller  values 
of  about  4.5  cm"'.  In  the  whole  region  of  a  single-crys¬ 
talline  layer  on  a  buned  insulating  layer,  there  is  a 
tensile  stress  of  about  3.2  kbar.  The  tensile  stress  exist¬ 
ing  in  the  single-crystalline  layer  on  the  buried  insulat¬ 
ing  layer  induces  a  compressive  stress  of  about  1.5  kbar 
in  the  unimplanted  region. 

Fig.  4  shows  two-dimensional  mapping  of  the  peak 
shift  and  half-width  of  Raman  scattering  spectra  of 
local  SOI  structures  annealed  at  1300°  C.  The  peak  shift 
in  the  SOI  region  drastically  decreased  to  0.3  cm"', 
while  that  in  the  unimplanted  region  became  zero.  The 
half-width  of  the  Raman  peak  is  almost  the  same  as  for 
the  bulk  silicon  (3.5  cm"')  throughout  the  wafer.  The 
tensile  stress  existing  in  the  single-crystalline  layer  on 
the  buried  insulating  layer  reheved  to  about  0.3  kbar 
after  annealing  at  1300°C.  The  compressive  stress  in 
the  unimplanted  region  disappeared  after  annealing  at 
1300°  C.  From  the  results  of  fig.  3  and  fig.  4,  we  see 
that  the  tensile  stress  that  existed  throughout  the 
single-crystalline  silicon  layer  on  the  buried  insulating 
layer  is  relieved  by  annealing  at  1300°C.,  The  decrease 
in  stress  in  the  top  silicon  layer  of  the  SOI  region  causes 


the  disappearance  of  the  compressive  stress  in  the  unim¬ 
planted  region  after  annealing  at  1300  °C. 

In  order  to  examine  the  boundary  region  for  various 
annealing  temperatures  more  exactly,  the  sample  was 
measured  from  the  center  to  the  edge  of  a  wafer  in 
detail.  Fig.  5  shows  the  change  of  the  peak  shift  and  the 
half-width  of  Raman  spectra  as  a  function  of  position 
from  the  center  of  the  local  SOI  structure.  In  the  region 
of  the  single-crystalline  layer  on  the  buried  insulating 
layer  (position  from  0  mm  to  25  mm),  Raman  spectra 
have  constant  peak  shifts  with  constant  half-widths 
almost  independent  of  position  after  annealing  at  1000- 
1300  °C.  The  shifts  and  half-widths  of  the  spectra  de¬ 
creased  with  an  increase  in  annealing  temperature.  The 
reason  of  stress  in  the  SOI  region  can  be  considered  to 
be  the  oxide  precipitates  in  the  top  silicon  layer  as 
mentioned  above.  Such  precipitates  diffuse  towards  the 
buried  insulating  layer  by  higher-temperature  annealing, 
and  are  extinguished  after  annealing  at  1300  °C.  As  a 
result,  the  tensile  stress  existing  throughout  the  single¬ 
crystalline  silicon  layer  on  the  buried  insulating  layer  is 
almost  relieved  after  annealing  at  1300  °C.  It  should  be 
noted  that  the  peak  shift  and  half-width  of  the  Raman 
spectra  in  the  unimplanted  region  were  affected  by 
implantation:  the  peak  in  this  region  shifts  to  higher 
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Fig.  4.  Two-dimensional  mapping  of  the  peak  shifts  and  half¬ 
widths  of  Raman  scattering  spectra  for  a  local  SOI  structure 
after  annealing  at  1 300  ”  C 
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Fig.  5  Peak  shifts  and  half-widths  of  Raman  scattering  spectra 
for  local  SOI  structures  after  annealing  at  vanous  conditions. 


wave  numbers  and  the  half-width  slightly  broadens. 
These  results  indicate  that  the  stress  caused  by  the  local 
SIMOX  process  in  the  implanted  region  affec's  the 
unimplanted  region,  where  a  compressive  stress  (i.e., 
peak  shift)  and  crystalline  degradation  (i.e.,  half-width 
broadening)  are  induced.  Such  influences  are  mostly 
removed  by  annealing  at  1300°C. 


4.  Conclusions 

Local  SOI  structures  were  produced  to  form  buried 
insulating  layers  locally.  Raman  microprobe  measure¬ 
ment  was  performed  to  investigate  the  influence  of  the 
locally  buned  insulating  layer  on  the  top  silicon  layer  in 


the  boundary  region.  Single-crystalline  silicon  on  buried 
insulating  layers  after  annealing  at  1(X)0-1300°C  was 
found  to  have  tensile  stresses  of  0.3-5.7  kbar  indepen¬ 
dent  of  the  position.  The  tensile  stresses  existing  in  the 
SOI  regions  caused  compressive  stresses  of  1.0- 1.6  kbar 
in  the  unimplanted  regions  after  annealing  at  1000- 
1200  °C,  and  the  compressive  stress  disappeared  after 
annealing  at  1300  “C. 
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In  this  paper  we  describe  the  analysis  by  Raman  scattering  and  photoluminescence  spectroscopy  of  silicon-on-insulator  (SOI) 
structures  obtained  by  sequential  implantation  and  annealing  (SIA)  TEM  observations  have  allowed  correlation  of  the  tensile  strain 
observed  from  the  Raman  spectra  obtained  with  excitation  wavelengths  higher  than  488  nm  and  the  D  bands  from  the 
photoluminescence  spectra  to  the  presence  of  a  region  with  precipitates  and  dislocations  close  to  the  buried  oxide.  Likewise,  the 
comparison  between  the  Raman  spectra  obtained  with  lower  wavelength  (457.9  nm)  from  SIA  samples  and  from  equivalent  ones 
obtained  by  a  single  implantation  and  anneal,  has  corroborated  the  higher  qualify  of  the  surface  silicon  layer  fro  n  the  SIA  struciure 


I.-  Introduction 

Raman  scattering  and  photoluminescence  spec¬ 
troscopy  are  techniques  which  have  special  interest  when 
characterizing  semiconductor  materials  for  microelec¬ 
tronic  applications.  This  is  due  to  their  nondestructive 
character,  as  well  as  their  suitability  for  the  study  of 
thin  layered  structures,  such  as  sihcon-on-insulator  (SOI) 
substrates.  Between  the  different  techniques  for  forma¬ 
tion  of  these  substrates,  SIMOX  (separation  by  im¬ 
planted  oxygen)  appears  to  be  the  leading  one  [1,2], 
Analysis  earned  out  on  these  structures  using  the  above 
techniques  have  been  already  reported  by  different 
authors  [2-5].  They  have  observed  from  their  measure¬ 
ments  the  existence  of  a  tensile  strain  in  the  top  silicon 
layer,  as  well  as  its  possible  recovery  by  high  tempera¬ 
ture  anneal  (HTA)  stages. 

In  this  work  we  have  performeo  an  analysis  by 
Raman  scattenng  and  photoluminescence  techniques  of 
SOI/SIMOX  structures  which,  unlike  those  previously 
reported,  have  been  obtained  by  sequential  implanta¬ 
tion  and  annealing  (SIA).  SIA  constitutes  one  of  the 
more  interesting  methods  of  production  of  high  quality 
SOI  material  [1,2].  The  substrates  obtained  by  this 
method  have  defect  densities  several  orders  of  magni¬ 
tude  lower  than  those  obtained  by  a  single  implant  and 
anneal.  However,  the  mechanisms  related  to  the  defects 
and  their  dependence  on  the  technological  parameters 
are  not  well  known,  which  gives  a  strong  interest  in  the 
characterization  of  these  structures  and  comparison  with 


the  substrates  formed  by  conventional  processing  (single 
implant  and  anneal). 

Raman  scattenng  measurements  have  been  obtained 
using  different  excitation  wavelengths.  This  has  allowed 
information  about  the  structure  of  the  different  regions 
of  the  material  to  be  obtained,  and  the  presence  of 
strain  for  different  penetration  depths  to  be  detected. 
By  correlating  these  data  with  the  microscopic  structure 
of  the  material  (observed  by  cross  sectional  TEM)  it  is 
possible  to  determine  the  contribution  of  each  region  to 
the  measured  spectra,  which  constitutes  relevant  infor¬ 
mation  for  the  analysis  of  the  transport  properties  of 
the  devices  built  in  these  materials 


2.  Results  and  discussion 

SIMOX  wafers  were  produced  by  Ibis  Technology 
Corp,  [6].  Two  different  sets  of  samples  were  measured 
which,  according  to  their  preparation,  were  labelled  SS 
and  SIA.  The  SS  samples  were  made  by  a  single  step 
oxygen  implantation  at  an  energy  of  200  keV  and  a 
dose  of  1.7  X  10'**  cm’^.  During  implantation  the  sub¬ 
strate  was  held  at  a  temperature  of  640  °C.  Subse¬ 
quently,  samples  were  annealed  at  a  temperature  of 
1300°C  for  6  h.  The  SIA  samples  were  obtained  by 
implanting  one  third  of  the  total  dose  at  640  °C  after 
which  the  wafer  was  annealed  at  1300°C  for  2  h.  This 
cycle  was  carried  out  three  times  to  give  a  total  dose  of 
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Fig.  1.  Cross  section  image  of  SS  sample.  The  arrow  indicates  the  upper  surface 


1.5  X  lO'*  cm~^  and  a  total  annealing  time  of  6  h  at 

noo^c. 

The  observation  of  the  samples  by  cross  sectional 
TEM  has  revealed  the  existence  of  significant  dif¬ 
ferences  between  the  SS  and  SIA  structures.  The  cross 
section  structure  of  the  SS  samples  is  shown  in  fig.  1.  It 
is  formed  by  a  top  silicon  layer  free  of  Si02  precipitates 
and  a  buned  oxide  layer  with  silicon  islands.  We  have 
not  been  able  to  detect  the  presence  of  dislocations  in 
the  top  layer.  The  thickness  of  these  layers  (observed 


along  2  pm  of  the  structure)  are  about  295  and  310  nm. 
respectively.  In  the  case  of  the  SIA  sample  (shown  in 
fig.  2),  the  structure  has  three  different  regions:  the  first 
one  IS  a  235  nm  thick  silicon  layer  free  of  precipitates 
and  dislocations.  Below  this  layer  there  is  a  region  of 
silicon  with  oxide  precipitates  and  dislocations,  with  an 
average  thickn  ss  about  200  nm.  and  the  buried  oxide 
layer.  The  upper  interface  of  this  layer  is  very  wavy,  due 
to  the  coalescence  of  some  of  the  precipitates  The  total 
structure  has  a  thickness  of  about  650  nm. 


200  nm 


Fig.  2.  Cross  section  image  of  SIA  sample  The  arrow  indicates  the  upper  surface. 
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Raman  scattering  measurements  have  been  per¬ 
formed  with  a  DILOR  XY  spectrometer.  The  samples 
were  excited  with  the  457.9,  488  and  514  nm  lines  from 
an  Ar^  laser.  For  these  lines,  the  penetration  depths  for 
the  scattered  light  have  been  estimated  to  be  approxi¬ 
mately  300,  600  and  800  nm,  respectively  [7].  Detection 
has  been  made  using  the  multichannel  mode  with  pho¬ 
ton  counting  electronics.  Moreover,  all  the  spectra  have 
been  compared  to  these  obtained  under  the  same  condi¬ 
tions  in  bulk  silicon. 

Fig.  3  shows  the  spectra  obtained  from  the  different 
samples  with  an  excitation  wavelength  of  457.9  nm.  In 
this  figure  the  intensity  is  normalized  to  the  maximum 
value.  These  spectra  show  a  shift  towards  the  low  fre¬ 
quencies  and  a  symmetric  broadening  in  relation  to  that 
obtained  m  bulk  silicon.  This  indicates  that  these  layers 
are  under  a  tensile  strain.  The  symmetrical  shape  of  the 
lines  confirms  the  crystalline  nature  of  the  layers,  and 
their  broadening  points  to  the  existence  of  a  distribu¬ 
tion  of  strains.  No  amorphous-like  bands  are  observed. 
Moreover,  the  spectra  from  SS  samples  present  higher 
shifts  and  broademngs  of  the  Raman  lines  than  those 
from  SI  A  samples.  This  points  to  the  existence  of  a 
higher  tensile  strain  in  the  surface  region  of  the  S‘> 
structure  in  relation  to  the  SIA  one. 

The  results  obtained  using  excitation  wavelengths  of 
488  and  514  nm  show  a  different  behaviour.  In  fig.  4  the 
spectra  measured  for  a  wavelength  of  514  nm  are  plotted. 
In  this  case,  the  higher  shifts  and  broademngs  occur  in 
the  SIA  structure.  Moreover,  the  spectra  obtained  for 
this  structure  show  a  small  contnbution  in  the  higher 
frequencies  side,  which  indicates  the  presence  in  the 
SIA  sample  of  a  compressive  stress. 

The  increase  in  the  shift  and  the  brradening  of  the 
Raman  lines  from  SIA  samples  as  the  penetration  depth 
increases  is  in  agreement  with  the  observations  of  Olego 
et  al.  [4]  and  Takahashi  et  al.  [7]  from  SS  samples.  These 
authors  correlated  the  strain  in  the  top  silicon  layer  with 


Fig.  3  First-order  Raman  spectra  obtained  from  the  different 
samples  with  an  excitation  wavelength  of  457.9  nm.  The  Ra¬ 
man  intensities  are  normalized  “  1  for  every  sample). 


Fig.  4  First-order  Raman  spectra  obtained  with  an  excitation 
wavelength  of  514  nm.  The  Raman  intensities  are  normalized 


the  presence  of  oxide  precipitates.  As  the  penetration 
depth  increases,  the  contribution  to  the  spectra  of  the 
region  with  precipitates  and  dislocations  increases. 
However,  from  the  measurements  carried  out  with  the 
lower  penetration  depth  we  observe  a  lower  strain  in  the 
SIA  structure  than  in  the  SS  one  (free  of  oxygen  pre¬ 
cipitates).  This  gives  a  strong  indication  about  the  higher 
quality  of  the  surface  region  of  the  SIA  structure  (free 
of  precipitates  and  dislocations).  According  to  this, 
higher  mobility  values  (closer  to  those  of  bulk  silicon) 
are  to  be  expected  in  the  surface  region  of  the  SIA 
sample.  The  small  compressive  strain  component  found 
for  higher  penetration  depths  could  be  due  to  the  ex¬ 
istence  of  a  higher  compressive  strain  below  the  buned 
layer  (similar  to  that  observed  m  as-implanted  struc¬ 
tures  [2])  or  maybe  in  the  silicon  regions  below  the 
precipitates. 

The  higher  quality  of  the  SIA  structure  has  been 
corroborated  by  photoluminescence  (PL)  measure¬ 
ments.  These  measurements  have  been  made  over  the 
energy  range  0.750  to  1.160  eV.  The  sample  has  been 
excited  with  the  514  nm  line  from  the  Ar"^  laser  The 
temperature  of  the  sample  has  been  estimated  to  be  25 
K.  The  spectral  response  was  determined  with  a  grating 
monochromator  (Jobin-Yvon,  model  HR2)  with  a  reso¬ 
lution  of  13  A/mm,  using  a  cooled  InAs  detector  and  a 
conventional  lock-in  amplifier.  The  spectra  were  nor¬ 
malized  to  compensate  for  the  detector  response. 

Fig.  5  shows  PL  spectra  from  SS  (curve  a)  and  SIA 
samples  (curve  b).  Both  curves  show  a  peak  located  in 
the  near  band-gap  region  which  is  due  to  the  recombi¬ 
nation  of  intrinsic  excitons.  The  intensity  of  this  peak  m 
the  SIA  sample  is  a  factor  of  2  greater  than  in  the  SS 
sample,  indicating  a  larger  number  of  non-radiative 
defects  in  the  single  implant  material,  which  is  in  agree¬ 
ment  with  the  lower  strain  observed  in  the  top  Si  layer 
of  the  SIA  material. 

Morec/er,  the  spectrum  from  the  SIA  sample  shows 
at  lower  energies  the  presence  of  broad  defect  related 
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peaks  labelled  D,,  D,,  Dj  and  D4.  Their  positions  fall 
within  the  range  of  energies  previously  reported  by 
Duncan  et  al.  [8],  namely,  0.802  to  0.814  eV,  0.862  to 
0.875  eV,  0.930  to  0.948  eV  and  0.992  to  1.000  eV.  The 
broadest  peak,  which  appears  at  the  lowest  energy, 
includes  the  Dj  and  Dj  bands.  These  peaks  were  first 
observed  in  plastically  deformed  silicon,  and  are  be¬ 
lieved  to  be  related  to  dislocations  [8].  They  have  been 
observed  also  in  bulk  sihcon  in  which  oxygen  is  known 
to  have  precipitated  and  in  SS  SIMOX  material  (5,8,9]. 
In  this  latter  case,  the  width  of  the  D  lines  was  found  to 
be  much  broader  than  in  the  plastically  deformed  sam¬ 
ples.  Drozdov  et  al.  (10)  have  reported  that  a  high 
oxygen  concentration  can  increase  considerably  the 
width  of  the  D  lines,  specially  if  the  samples  are  cooled 
down  slowly  from  high  temperatures  to  produce  a  high 
concentration  of  oxygen  precipitates.  According  to  this, 
Weber  et  al.  [5]  have  attributed  this  broadening  of  the  D 
lines  to  inhomogeneous  strains  in  the  layers,  determined 
by  the  presence  of  oxygen  precipitates.  So,  the  broad 
bands  from  the  SIA  samples  (curve  b)  would  be  due  to 
excess  oxygen  in  these  samples,  maybe  as  oxygen  pre¬ 
cipitates  The  appearance  of  the  D  bands  in  the  PL 
spectrum  is  consistent  with  the  observation  by  TEM  of 
dislocations  in  the  second  region  of  the  SIA  structure 
pinned  to  the  precipitates. 


3.  Conclusions 

From  cross  sectional  TEM  analysis  of  both  sets  of 
samples  we  have  deduced  the  high  morphological  qual¬ 
ity  of  the  studied  structures.  In  both  cases  we  have 


observed  the  existence  of  a  Si  surface  layer  free  of 
dislocations  within  the  resolution  of  our  observations 
(about  lO^cm"^).  However,  the  characterization  of  the 
samples  by  Raman  scattering  and  photoluminescence 
spectroscopy  has  allowed  demonstration  of  the  better 
quality  of  the  top  silicon  layer  free  of  precipitates  from 
the  structure  obtained  by  sequential  implant  and  an¬ 
nealing  and  showing  a  lower  strain  and  a  lower  con¬ 
centration  of  defects  such  as  non-radiative  recombina¬ 
tion  centers,  in  relation  to  the  SS  substrate. 

The  presence  of  a  layer  of  Si02  precipitates  close  to 
the  buried  oxide  with  dislocations  pinned  to  them  de¬ 
termines  a  higher  tensile  strain  m  this  region,  which  is 
observed  by  the  shifts  and  broadenings  of  the  Raman 
peaks,  as  well  as  the  appearance  of  the  D  bands  in  the 
PL  spectra.  A  similar  structure  has  been  observed  by 
Hill  et  al.  [11]  from  SIA  samples  implanted  at  150  keV. 
The  cause  of  these  precipitates  is  not  clear.  It  seems  to 
be  related  to  initial  wafer  conditions  affecting  the  oxygen 
precipitation.  In  any  case,  they  indicate  the  need  for  an 
optimization  of  the  technological  parameters  related  to 
the  SIA  process. 
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Reflectance  measurements  using  microscope-spectrophotometry  have  been  undertaken  to  determine  the  origin  of  the  colour  rings 
on  SIMOX  wafers  When  these  measurements  are  correlated  with  the  results  from  cross  sectional  transmission  electron  microscopy 
(XTEM)  and  secondary  ion  mass  spectrometry  (SIMS)  it  is  found  that  normal  incidence  reflectan-e  is  extremely  sensitive  and  closely 
related  to  changes  in  the  microstructure  of  the  specimen  In  addition,  the  increasing  transparency  of  silicon  to  visible  light,,  with 
increasing  wavelength,  means  that  the  structure  can  be  effectively  probed  to  different  depths,  simply  by  changing  the  wavelength 
The.se  data  have  been  used  to  establish  optical  models  which  enable  the  computed  data  to  be  fitted  with  the  expenmental 
measurements,  and  vice  versa  Thus  the  microstructure  of  a  SIMOX  specimen  may  be  predicted  simply  from  the  dispersion  of  its 
reflectance  As  this  is  a  fast  and  contactless  technique  it  has  potential  applications  for  the  nondestructive  testing  and  mapping  of 
SIMOX  substrates 


1.  introduction 

The  fabnea'ton  of  buned  oxtde  layers,  in  silicon,  by 
high  do.se  oxygen  implantation  (SIMOX)  is  one  of  the 
leading  silicon  on  insulator  (SOI)  technologies,  which  is 
now  being  actively  developed  for  current  and  future 
generations  of  fast,  radiation  tolerant  silicon  integrated 
circuits  [1]  As  SIMOX  moves  from  the  research  en¬ 
vironment  into  the  production  stage,  however,  it  is 
e.ssential  that  a  quick  contactless  technique  is  developed 
for  nondcstructively  evaluating  the  wafers,  prior  to 
costly  device  fabrication. 

Previous  optical  studies  [2-7]  principally  using  el- 
lipsometry  [3-5.7]  have  established  that  optical  mea,s- 
urements  can  be  used  to  characterise  SOI  substrates 
However,  as  ellipsometnc  measurements  are  made  at 
oblique  incidence  (at  angles  close  to  the  critical  angle, 
typically  70-75° ),  the  measurements  are  highly  suscep¬ 
tible  to  surface  films  and  roughness  [8],  Although  it  has 
been  possible  to  obtain  extremely  good  fits  between  the 
measured  ellipsometnc  data  and  computer  simulations 
of  the  structure,  this  method  is  extremely  costly  in  terms 
ol  computer  time  and  also  requires  a  degree  ot  fore¬ 
knowledge  about  the  structure  under  investigation 
Another  disadvantage  of  elhpsometry  is  that  the  size  of 
the  beam  spot  on  the  sample  is  large  (typically  .several 
millimetres)  hence  it  is  insensitive  to  local  structural 
variations  which  will  tend  to  be  averaged.  Although 


attachments  are  available  to  reduce  the  spot  size  on 
commercial  ellipsometers,  in  practice  their  use  is  fraught 
with  problems,  since  the  large  cone  angle  introduces 
large  uncertainties  in  the  absolute  determination  of  the 
angle  of  incidence  and  consequently  put,5  very  large 
error  bars  on  the  optical  measurements.  For  the.se  rea¬ 
sons  ellipsometry  is  not  a  good  technique  for  nonde¬ 
structive  wafer  mapping. 

In  the  past,  reflection  spectrometry  has  been  recog¬ 
nised  as  a  means  of  rapidly  determining  the  thickness  of 
the  superficial  silicon  layer  of  SIMOX  substrates,  but  it 
has  been  claimed  that  its  uses  are  restricted  to  single 
phase  systems,  with  abrupt  interfaces,  over  a  limited 
thickness  range  [4,5,7],  Our  experience  :n  mineralogical 
applications  of  the  technique  suggested  that  these  claims 
were  erroneous  and  it  was  our  belief  that  accurate 
normal-incidence  reflectance  measurements  would  prove 
at  least  as  successful  as  ellipsometnc  measurements  in 
the  characterization  ol  IIMOX  substrates.  We  also  re¬ 
alised  that  construction  c-f  the  fitting  algorithm  would 
be  slightly  simpler  at  normal  incidence  and  that  the 
measurements  would  not  be  so  susceptible  to  the  effects 
ol  surface  films  and  roughne.ss.  In  addition,  by  using 
microscope-spectrophotometry  we  had  the  potential  of 
measuring  very  small  areas  (down  to  *  1  (xm)  which 
makes  the  technique  ideal  for  wafer  mapping.  In  order 
to  rigorously  test  the  use  of  microscope-spectropho¬ 
tometry  in  the  cbaractensation  of  SIMOX  samples,  a 
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non-ideal  specimen  was  deliberately  chosen.  This  spec- 
men,  implanted  at  the  University  of  Surrey,  had  a 
number  of  thin  and  well  defined  colour  rings  around 
the  edges  of  the  implanted  area.  We  believed  that  these 
colour  rings  resulted  from  local  changes  in  the  micro¬ 
structure,  due  to  a  temperature  gradient  of  some  25- 
50  °C  acorss  the  implanted  area  during  implantation 
[9-10],  However,  prior  to  this  study,  we  had  not  sys¬ 
tematically  investigated  the  structure  to  see  if  this  belief 
was  true. 


2.  Experimental 

A  3  inch  device  grade  p-type  (B  doped  17-23  0  cm) 
wafer  was  implanted  with  200  keV  oxygen  ions  to  a 
dose  of  1.8  X  lO’*  cm"^  at  a  .substrate  temperature 
of  =  560°C.  To  minimise  conductive  heat  losses  the 
wafer  was  isolated  from  the  sample  plate  by  means  of 
small  silicon  tips  and  heated  solely  by  the  ion  beam.  In 
order  to  ensure  that  the  dose  was  constant  across  the 
implanted  area  the  beam  was  overscanned.  After  im¬ 
plantation,  the  wafer  was  capped  with  5000  A  SiOi  and 
half  of  it  was  annealed  in  a  furnace  at  1300°C  for  5  h 
in  a  flowing  nitrogen  ambient.  After  annealing  the 
wafer  was  measured  using  microscope-spectrophotome- 
trs.  XTEM  and  SIMS. 

2  I  Microscope-spectrophotometry 

The  technique  of  normal-incidence  specular  reflec¬ 
tance  measurement  with  the  polansing  reflected-light 
microscope-spectrophotometer  is  routinely  applied  for 
identification  purposes  in  mineralogy,  where  it  has  been 
described  by  Griddle  [11,12],  Filler  [13]  and  Reeson  [14], 
For  this  reason,  only  a  very  brief  summary  is  given 
here:  in  this  study  a  Zeiss  MPM03  microscope-spectro¬ 
photometer  at  the  Natural  History  Museum,  London, 
was  used  to  measure  the  spectral  reflectance  from  400 
to  700  nm  in  plane  (or  linearly)  polarised  light,  relative 
to  a  precalibrated  WTiC  reflectance  standard:, 

^'.pecimen  ~  ^standard  ^  ^spccimen/^standard  ■  (0 

where  R  is  the  reflectance  of  the  specimen/standard  at 
a  given  wavelength,  and  P  is  the  photometer  response 
for  the  specimen/standard  at  a  given  wavelength. 

Modulated  light  from  a  stabilised  tungsten- halogen 
source  was  reflected  onto  the  surface  of  the  specimen 
and  standard  with  a  45°  plane-glass  reflector.  The 
ettective  numencal  aperture  of  the  X4  objective  was 
adjusted  with  the  illuminator  aperture  diaphragm  to 
0.03  to  provide  a  maximum  cone  angle  of  1-2°  and 
measurement  of  the  levelled  specimen  and  standaid  was 
made  semi-autematically  by  step  scanning  with  a 
motorised  conti.iuous  line-interference  filter  (bandwidth 
12  nm). 


Fig.  1  shows  the  reflectance  dispersion  spectra,  for 
five  different  regions  across  the  SIMOX  specimen,  des¬ 
ignated  El  to  E5  (inset  fig.  1).  From  the  inset  in  fig.  1 
we  can  see  that  region  E5  lies  near  the  centre  of  the 
implanted  area  (a  mauve  colour)  region  E4  is  still  in  the 
mauve  region  but  closer  to  its  edge,  region  E3  lies  just 
within  an  outer  emerald  ring,  region  E2  lies  at  the 
interface  between  the  emerald  ring  and  the  outermost 
gold  ring  and  region  El  lies  within  this  outer  gold  ring 
(adjacent  to  the  implant  edge).  From  fig.  1  we  can  see 
that  there  are  large  changes  in  the  reflectance  dispersion 
as  one  traverses  from  region  E5  to  region  El.  It  should 
also  be  noted  that,  as  silicon  becomes  increasingly 
transparent  with  increasing  wavelength,  these  spectra 
also  give  us  an  appreciation  of  microstructural  changes 
within  the  .specimen  with  depth.  To  understand  the 
microstructural  features  which  are  giving  rise  to  the 
optical  spectra,  we  used  XTEM  and  SIMS  to  probe 
areas  analogous  to  those  used  in  the  optical  measure¬ 
ments. 


Energy  eV 

2  75  2  48  2  25  2  07  1  91  1  77 


Wavalangtii  nm 

Fig.  1  Reflectance  spectra,  for  five  different  regions  across  a 
SIMOX  wafer  The  positions  of  these  regions  with  respect  to 
the  implanted  area  are  al.so  shown 
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2.2.  XTEM  and  SIMS  measurements 

Fig.  2  shows  XTEM  micrographs  for  regions  El  to 
E5.  Comparison  of  the  XTEM  and  SIMS  data  (fig.  2 
and  table  1)  shows  that  the  microstructure  changes 
significantly  from  the  centre  of  the  wafer  to  the  edge.  At 
the  centre  of  the  implanted  area  (region  E5),  the  struc¬ 
ture  essentially  consists  of  a  layer  of  high  quality  single 
crystal  silicon,  with  a  low  oxygen  content  ( -  lO'*  O 
cm“^)*  2550  A  thick  overlying  a  buried  layer  of 
Si02(=  3750  A  thick)  which  contains  a  number  of  single 
crystal  silicon  islands,  mostly  situated  near  the  lower 
interface  of  the  oxide  and  having  the  same,  or  nearly  the 
same  orientation  as  the  substrate.  The  structure  of  re¬ 
gion  E4  is  similar  to  that  of  region  E5,  except  that  now 
a  few  single  crystal  silicon  islands  are  observed  at  the 
upper,  as  well  as  at  the  lower  Si/Si02  interface.  In 
region  E3.  even  more  silicon  islands  are  observed  near 
the  upper  Si/Si02  interface.  The  increased  concentra¬ 
tion  of  silicon  within  the  oxides  serves  to  increase  its 
thickness  and  consequently  the  thickness  of  the  siltam 
overlayer  is  reduced.  Examination  of  the  silicon  islands 
at  the  upper  oxide  interface,  now  reveals  them  to  be 
polycrystalline  in  nature,  which  indicates  that  they 
crystallised  from  a  region  of  amorphous  silicon  (of 
which,  more  later).  Progressing  to  region  E2  we  find 
that  the  size  and  density  of  the  polycrystalline  silicon 
islands,  at  the  upper  oxide  interface,  has  increased  still 
further  and  that  some  very  small  polycrystalline  islands 
are  now  detected  at  the  lower  oxide  interface.  This 
trend  is  continued  in  region  El  and  as  successively  more 
silicon  IS  incorporated  into  the  oxide,  its  thickness  in¬ 
creases  at  the  expense  of  that  of  the  silicon  overlayer.. 
The  effects  described  above  are  shown  schematically  in 


Fig.  3.  Schematic  showing  effects  of  variations  in  the  micro- 
structure  from  regions  E1-E5 

fig.  3.  Examination  of  the  SIMS  profiles  for  regions 
E5-E2  (not  shown)  reveals  that  there  is  a  reduction  in 
the  oxygen  secondary  ion  yield  in  the  region  corre¬ 
sponding  to  the  silicon  islands.  We  have  used  this  effect 
to  accurately  pinpoint  regions  in  the  oxide  where  the 
silicon  content  is  high. 

3.  Optical  modelling 

The  analysis  of  light  reflected  specularly  from  multi¬ 
layer  structures  requires  a  foreknowledge  of  the  maten- 
als  through  which  the  light  is  propagated  [15].  A  suita¬ 
ble  optical  model  must  be  constructed  as  a  framework 
into  which  the  optical  properties  and  the  thickness  of 
the  various  films  are  fitted..  Layers  which  are  optically 
homogeneous,  and  which  are  bounded  by  abrupt. 


E5  E4  E3  E2  El 

mauve  emerald  emerald/gold  gold 


Fig.  2  XTEM  micrographs  for  regions  E1-E5. 
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Table  1 

Companson  of  layer  thicknesses  obtained  from  imcroscope-spectrophotometry,  XTEM  and  SIMS 


Layer 

E5 

E3 

El 

no.  “ 

XTEM 

(A) 

S*’ 

(Aj 

SIMS 

[A] 

XTEM 

[A] 

s'’ 

[A] 

SIMS 

lA] 

XTEM 

[A] 

S” 

[A] 

I 

20 

20 

20 

2 

2516±62 

2600 

2870 

2610 ±  61 

2500 

2670 

2270 ±  21 

2290 

3 

471  ±51 

420 

471  ±108 

420 

430 

220 ±  85 

200 

4 

0 

0 

280 ±  77 

200 

uf  =■  0.3  ' 

330 

628±151 

620 

vf  =  0.4  '■ 

5 

261 5  ±61 

2700 

2770 

2640 ±  65 

2600 

2250 

2814±  91 

2850 

6 

360  ±84 

280 

11/  -  0.25  ‘ 

390 

256 ±  77 

280 

vf  -  0.3  '• 

340 

105 ±  42 

100 

ir/  =  03’ 

7 

178  ±75 

250 

290 

237 ±  66 

250 

250 

313 ±  26 

250 

“  Layer  1 

=  native  oxide  on  surface,  layer  2 

-=  silicon  overlayer,  layer  3 

=  S1O2,  layer  4 

-  silicon  islands  in  SiOj, 

layer  5  =  Si02,'  layer 

6  =  silicon  islands  in  SiOj,  layer  7  =»  SiOt. 

S  =  simulated  data. 

(>/  =  volume  fraction  of  silicon  in  oxide  layer. 


smooth  and  parallel  interfaces  are  completely  char¬ 
acterised  by  the  layer  thickness  and  its  complex  refrac¬ 
tive  index,  N.  where: 

N^n-ik,  (2) 

with  the  real  part  of  the  refractive  index  («)  having  its 
usual  meaning  and  k  as  the  extinction  (or  absorption) 
coefficient.  For  discontinuous  films,  ,such  as  the  silicon 
islands  frequently  observed  after  annealing  ion  im¬ 
planted  materials,  a  suitable  approximation  to  a  homo¬ 
geneous  film  must  be  found,  if  the  classical  equations 
which  quantify  the  nature  of  reflected  light  are  to  be 
used.  A  frequently  used  model  for  such  composite 
materials  is  the  Bruggeman  effective  medium  approxi-  s" 
mation  [16]  in  which  the  optical  properties  of  the  impur-  ^ 
ity  and  host  phases  are  combined  to  produce  a  new  g 

phase  with  homogeneous  effective  properties.  This  g 

model  has  been  verified  experimentally  for  physically  ® 
mixed  composite  phases  in  which  the  impurity  particles 
are  smaller  than  the  wavelength  of  the  incident  light. 

The  effective  phase  may  be  described  by  a  thickness 
and  volume  fraction  of  the  impurity  phase  in  the  host. 

Based  on  extensive  TEM  studies,  the  simplest  model 
that  accurately  describes  SIMOX  materials  requires 
seven  layers  (including  a  native  or  capping  oxide  layer) 
two  of  which  are  composite  phases.  To  denve  layer 
thickness  and  optical  properties  ot  such  multi-layer 
structures,  numerical  inversion  techniques  must  be  used 
to  solve  the  classical  reflectance  equations.  A  sensible 
strategy,  before  attempting  the  multi-dimensional  fitting 
of  layer  thicknesses  and  volume  fractions,  is  to  test  the 
validity  of  the  proposed  optical  model.  This  has  been 
achieved  by  using  measurements  of  layer  thickness  (from 


Energy  -  eV 


Fig.  4  Companson  of  measured  and  simulated  optical  data  for 
regions  E5,  E3  and  El. 
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XTEM  examinations  of  sections  of  the  wafer  where 
reflectance  spectra  had  been  previously  collected)  as  a 
set  of  starting  parameters  for  reflectance  simulation.  By 
varying  the  thicknesses  and  volume  fractions  of  the 
layers  defining  the  optical  model  it  has  been  possible  to 
obtain  very  good  agreement  between  the  experimental 
and  simulated  spectra,  this  is  shown  in  fig.  4  for  regions 
El,  E3  and  E5,  the  thicknesses  of  the  layers  determined 
by  the  simulation  and  XTEM  and  SIMS  are  shown  in 
table  1. 

Although  the  parameters  found  in  these  simulations 
have  not  been  optimised,  the  validity  of  the  optical 
model  has  been  demonstrated.  Multi-dimensional  func¬ 
tion  minimisation  routines  are  being  developed,  which 
we  believe  will  enable  the  quality  of  SIMOX  materials 
to  be  rapidly  and  nondestructively  mapped  In  fig.  5  we 
show  simulated  spectra,  in  which  the  percentage  of 
silicon  islands  within  the  buried  oxide  layer  has  been 
varied.  Examination  of  fig.  5  reveals  the  sensitivity  of 
microscope-spectrophotometry  to  the  presence  of  sili¬ 
con  islands  and  highlights  its  nondestructive  capabili¬ 
ties 


4.  Formation  of  silicon  islands  in  SIMOX  structures 

The  presence  of  single  crystal  silicon  islands  at  the 
lower  SiOj/Si  interface  in  SIMOX  specimens,  after 
high  temperature  annealing  has  been  reported  by  many 
authors  [17-25].  Here,  the  general  consensus  of  opinion 
IS  that  these  islands  (or  boats)  are  the  vestige  of  the 
rather  ragged  lower  interface  resulting  from  implanta¬ 
tion  During  annealing  the  oxide  layer  grows,  and  its 
interfaces  become  more  planar,  causing  small  islands  of 
silicon  near  the  lower  oxide  interface  to  be  pinched  off 
and  trapped  within  the  oxide  layer  Since  the  diffusion 
of  silicon  in  SiOi  is  extremely  low  [26]  these  islands 
remain  impmsoned  in  the  oxide  after  annealing  and,  in 
general,  have  the  same  orientation  as  the  silicon  sub¬ 
strate  from  which  they  are  derived.  The  slight  misorien- 
tation  of  SO'  le  of  the  islands  with  respect  to  the  sub¬ 
strate  IS  '  lOught  to  result  from  the  viscous  flow  of  the 
oxide,  during  high  temperature  annealing,  which  causes 
some  of  the  islands  to  be  rotated  slightly  off  axis. 

The  presence  of  silicon  islands,  especially  polycrys- 
talline  ones,  at  the  upper  oxide  interface,  m  SIMOX 
specimens  has  been  reported  by  far  fewer  authors  [23- 
25]  It  IS  thought  that  these  polycrystalline  islands  are 
formed  when  areas  of  amorphous  silicon  recrystallise 
during  high  temperature  annealing.  This  hypothesis  is 
strengthened  by  the  fact  that  the  region  in  which  the 
polycrystalline  islands  are  formed  coincides  with  the 
predicted  peak  of  the  damage  distribution  for  200  keV 
oxygen  ions.  The  reason  why  amorphous  silicon  is  pro¬ 
duced  in  .some  parts  of  the  implanted  region  and  not  in 
others  is  not  fully  understood  but  must  be  related  to  the 


local  implantation  temperature.  In  two  earlier  studies 
[9,10]  we  have  found  that  there  is  a  decrease  in  tempera¬ 
ture  of  some  ■  '  o  50  °  C  from  the  centre  of  the  im¬ 
planted  region  Oie  edge 


5.  Conclusions 

We  have  shown  that  microscope-spectrophotometry 
IS  an  extremely  valuable  technique  for  the  nondestruc¬ 
tive  evaluation  of  SIMOX  wafers.  Not  only  because  it 
can  be  accurately  used  to  probe  small  areas  and  there¬ 
fore  analyse  local  changes  in  the  microstructure,  but 
also  because  it  enables  us  to  establish  optical  models 
which  can  aid  in  the  deconvolution  of  complex  multi¬ 
layer  structures,  without  the  need  for  fudge  factors  and 
hours  of  computer  time.  The  uses  of  microscope-spec¬ 
trophotometry  m  microelectronics  extend  well  beyond 
the  realm  of  SIMOX  and  we  are  currently  studying  a 
variety  of  complex  multi-layer  structures  in  order  to 
gain  a  better  insight  into  their  optical  and  microstruct- 
ural  properties. 
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Thermal-wave  measurements  of  high-dose  ion  implantation  into  silicon  have  been  characterized  In  order  to  evaluate  this 
technique  for  use  in  production  as  an  lon-implant  monitor,  correlations  were  performed  between  thermal-wave  and  four-point-probe 
sheet-resistance  measurements  on  test  wafers.  On  device  wafers,  thermal-wave  measurements  were  correlated  to  contact  resistance  on 
resistor  test  structures. 


1.  Introduction 

Thermal-wave  measurements  are  commonly  used  to 
characterize  and  monitor  ton  implantation  at  low  and 
medium  do.ses  [1-3],  This  technique  has  advantages 
over  other  methods  because  it  is  nondestructive  and 
may  be  used  directly  on  product  wafers  Until  recently, 
thermal-wave  measurements  had  a  practical  upper  ap¬ 
plication  limit  of  about  1  x  lO'^  lons/cm^  This  is  be¬ 
cause  implants  at  higher  doses  from  a  subsurface 
amorphous  layer  that  causes  a  nonmonotonic'  behavior 
of  the  thermal-wave  signal.  A  recently  developed  capa¬ 
bility  for  thermal-wave  measurements  now  extends  the 
measurable  do'e  range  to  2  X  lO'*’  ions/cm‘ 

To  evaluate  the  efiectiveness  of  this  technology  for 
production  monitoring  of  high-dose  ion  implantation. 


we  performed  a  senes  of  studies  to  determine  the  repea¬ 
tability  of  the  'echnique  and  to  correlate  thermal-wave 
measurements  of  dose  with  other  ablished  tech¬ 
niques  We  also  present  data  correlating  dose  measure¬ 
ments  with  electrical  test  data  on  actual  device  wafers. 


2.  Technology 

The  thermal-wave  measurement  technique  employs 
two  low-power  laser  beams  focused  to  a  1  pm  spot  on 
the  .sample  surface.  A  simplified  schematic  of  the  .sy.s-- 
tem  is  shown  in  fig  1.  Absorption  of  light  from  an 
intensity-modulated  Ar-ion  “pump”  laser  generates 
thermal  and  plasma  waves  within  the  surface  region  of 
the  wafer.  These  waves  are  detected  by  the  HeNe  laser 


i 

I 


Fig  1  Thermal  and  plasma  waves  are  generated  and  detected  by  two  low-power  nondestructive  laser  beams  focused  to  a  1  pm 
diameter  spot  on  the  sample  surface  Ab.sorption  of  light  from  an  acousto-optically  modulated  (1  MHz)  argon-ion  pump  laser 
generates  thermal  and  plasma  waves  within  the  surface  region  of  the  sample.  These  waves  are  detected  by  the  helium  neon  probe  laser 
through  the  pump-induced  modulation  of  the  sample  reflectivity  or  other  material  characteristics 
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“probe”  through  the  modulation  of  the  sample  reflectiv¬ 
ity.  The  n-cdulotion  I^R/R  is  defined  as  the  thermal- 
wave  (TW)  signal.  The  effects  of  the  thermal  and  plasma 
waves  on  the  silicon  reflectivity  is  very  sensitive  to  the 
presence  of  crystalline  disorder  created  in  the  surface 
region  of  the  wafer  by  the  ion-implantation  process  [4). 
Therefore,  the  thermal-wave  signal  can  be  directly  cor¬ 
related  to  the  ion  implantation  dose  in  crystalline  sili¬ 
con. 


3.  High-dose  ion  implantation 

A  layer  of  amorphous  silicon  will  be  produced  when 
crystalline  silicon  is  implanted  at  a  high  dose  with 
sufficient  energy.  For  example,  arsenic  implants  will 
cause  amorphization  at  doses  greater  than  about  1  X  10‘‘' 
ions/cm‘  for  energies  above  10  keV.  The  thickness  of 
the  amorphous  layer  increases  with  dose  for  a  fixed 
energy  and  conversely,,  increases  with  energy  for  a  fixed 
dose 

Calculations  of  dc  laser  reflectivity  and  modulated 
reflectance  (TW  signal)  from  an  amorphous  layer  on  a 
crystalline  silicon  substrate  have  been  performed  previ¬ 
ously  [5,6]  As  seen  there,  the  modulated  reflectance  and 
dc  reflectivity  si>ow  an  interference  behavior  with  in¬ 
creasing  amorphous  thickness.  Because  of  the  non¬ 
monotonic!  ty  of  the  modulated  reflectance  signal,  a 
simple  correlation  to  dose  is  not  possible  (fig.  2).  There¬ 
fore.  in  order  to  extract  do.se  from  modulated  reflec¬ 
tance  and  dc'  reflectivity  measurements,  a  model  calcu¬ 
lation  must  first  be  performed  to  determine  the  thick¬ 
ness  of  the  amorphous  layer.  The  amorphous-layer 
thickness  is  then  a  monotonically  increasing  function  of 


Fig.  2  High-dose  ion  implantation  results  in  the  formation  of  a 
subsurface  amorphous  silicon  layer  in  crystalline  silicon  The 
modulated  reflectance  signal  (thermal-wave  signal)  demon¬ 
strates  an  interference  behavior  as  function  of  increasing 
amorphous-silicon  thickness 

do.se,  and  a  simple  calibration  can  be  made  between  the 
two 


4.  Experimental  results  and  discussion 

We  examined  the  capabilities  of  the  high-dose  ther¬ 
mal-wave  measurement  technique  utilizing  a  commer¬ 
cially  available  Therma-Probe  300  system  (Therma- 
Wave).  Experiments  were  performed  to  determine  the 
repeatability  of  the  measurement  technique  and  correla¬ 
tion  to  existing  monitoring  techniques.  Additional  stud¬ 
ies  were  conducted  to  determine  the  sensitivity  of  the 
thermal-wave  technique  to  electrical-device  parameters 
on  product  wafers. 


■S 


M - * - * - * - 

5  £15  As  Nominal  Dose.  40  kaV 


1  sigma  s  $9% 


2  £15  As  Nominal  Dose.  40keV 


1  sigma  -  62% 
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Date  of  Measurement 

Fig  3  Two  wafers  were  measured  repeatedly  over  a  period  of  approximately  three  weeks  The  ±  la  dose  repeatability  is  better  than 

1  %  in  both  cases. 
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In  ordc'  to  measure  the  repeatability  of  the  method, 
a  calibration  was  performed  for  an  arsenic'  implant  at 
40  keV.  Two  wafers  (2  X  lO''^  and  5  X  10'*  lons/cm^) 
were  measured  repeatedly  over  a  period  of  approxi-- 
mately  three  weeks.  Fig.  3  shows  the  result  of  dose 
measurements.  In  both  cases  the  measurements  demon¬ 
strated  better  than  1%  (Ic)  dose  repeatability  over  the 
measurement  penod.  This  is  significantly  smaller  than 
the  10-20%  dose  limit  specification  for  many  high-dose 
implant  processes. 

A  correlation  was  performed  between  the  thermal- 
wave  measurement  of  dose  and  four-point-probe  sheet- 
resistance  measurements.  Each  day  an  implant  monitor 
wafer  was  implanted  under  the  same  conditions.  A 
thermal-wave  measurement  was  performed  before  the 
wafer  was  furnace-annealed  and  measured  on  the  four- 
point  probe.  This  companson  was  performed  over  a 
period  of  about  one  month.  The  'esults  of  the  measure¬ 
ments  are  shown  in  fig.  4  As  expected,  the  sheet-resis¬ 
tance  and  thermal-wave  dose  measurements  show  an 
anticorrelatioi’,.  since  the  sheet  resistance  drops  as  the 
dose  rises 

Fig.  5  shows  the  thermal  wave  measurement  of  dose 
plotted  against  sheet  resistance  Even  though  the  total 
variation  in  the  dose  is  relatively  small,  a  correlation  to 
sheet  resistance  can  be  discerned  with  a  correlation 
coefficient  of  0  77  Comparisons  between  thermal-wave 
measurements  and  four-point-probe  measurements  of 
sheet  resistance  are  instructive,  but  must  be  analyzed 
with  caution.  Thermal-wave  measurements  are  made 
directly  after  ion  implantation  with  no  intervening  pro¬ 
cess  steps.  Sheet-resistance  measurements  are  made  after 
the  implanted  species  is  activated  through  a  high-tem- 
perature  anneal  Therefore,  the  sheet-resistance  uni¬ 
formity  may  be  affected  by  the  uniformity  of  activation 
during  the  anneal  Also,  some  diffusion  (redistribution) 


TW  Measured  Dose 

Fig.  5  Comparison  of  thermal-wave  measurements  with  sheet- 
resistance  maps  for  an  implanler  stability  monitor  demon¬ 
strates  good  correlation.  Some  variation  between  the  two  mea¬ 
surement  techniques  is  expected  since  the  sheet-resistance  maps 
involve  an  extra  anncMl  step  that  introduces  another  parameter 
into  the  experiment 


of  the  implanted  species  may  take  place  during  anneal. 
Finally  the  spatial  resolution  of  the  two  techniques  are 
quite  different.  Thermal-wave  measurements  are  made 
with  a  spatial  resolution  on  the  order  of  1  pm.  whereas 
four-point-probe  sheet-resistance  measurements  average 
the  data  over  an  area  of  about  1  cm. 

Fig.  6  .shows  a  comparison  of  thermal-wave  dose 
maps  and  four-point-probe  measurements  taken  on  the 
same  test  wafer  In  this  case  the  standard  deviations  of 
the  two  maps  match  quite  closely.  Again,  as  with  the 
trend  data,  tl.e  contours  reverse  since  a  higher  dose 
corresponds  to  a  lower  sheet-resistance  value 

Since  the  thermal-wave  measurement  is  used  to  pre¬ 
dict  and  control  electrical  parameters  on  actual  devices. 
It  IS  important  to  characterize  the  correlation  of  do.se 


Fig  4  Process-stability  trend  data  was  collected  by  thermal-wave  measurements  of  do.se  and  simultaneously  by  a  four-point  probe 
One  wafer  per  day  was  implanted  and  mea.sured  on  both  .systems  The  trends  appear  as  a  mirror  image  since  the  sheet  resistance 

decreases  as  do.se  mcrea.ses 
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Fig.  6.  Comparison  of  the  actual  maps  measured  on  the  same  implant  monitor  wafer,  30  keV  arsenic;  (a)  9.94  x  lO'^  lons/cm’.- 1  61% 
standard  deviation,  1  0%  contour  interval;  (b)  19  1  fl/Q.  1  56%  standard  deviation,  1  0%  contour  interval  The  contours  reverse  since 

a  higher  dose  corresponds  to  a  lower  sheet-resistance  value 


measurements  to  electrical  test  parameters  This  was 
done  by  implanting  a  senes  of  device  wafers  at  different 
doses,  performing  a  thermal-wave  measurement  on  the 
wafers  directly  after  implantation,  and  comparing  these 
measurements  to  electncal  parameteis  on  the  completed 
devices. 

The  device  wafers  were  implanted  at  five  different 
doses;  target  dose,  +1%,  -1%,  +15%  and  -15%.  The 
implant  was  arsenic  with  a  nominal  dose  of  9  x  lO'* 
ions/cm‘  with  a  nominal  beam  current  of  5  mA  oer- 
formed  on  a  Varian  120-10  implanter.  No  screen  oxide 
was  used.  Measurements  were  performed  on  the  wafers 
at  three  locations,  top,  center  and  bottom. 

After  completing  the  measurements,  the  wafers  were 
sent  on  to  complete  the  manufacturing  process.  Electri¬ 
cal  measurements  were  made  on  simple  resistor  test 
structures  to  determine  the  implanted  dose  The  results 


Fig,  7  Corr  lation  of  contact  resistance  to  thermal-wave-mea¬ 
sured  do.se  on  device  structures  on  product  wafers. 


are  plotted  in  fig.  7.  A  clear  dependence  can  be  seen  of 
contact  resistance  on  thermal-wave  measured  dose.  The 
significant  .scatter  of  the  data  in  contact-resistance  read¬ 
ings  for  each  dose  grouping  may  be  attributable  to 
critical-dimension  (CD)  vanations  in  the  resistor  test 
structures. 

There  is  a  group  measurements  at  approximately 
1.1  X  lO’*  that  do  not  correspond  to  a  particular  im¬ 
plant  target  dose.  These  points  do  he  in  a  smooth  line 
with  the  other  data  points  with  respect  to  contact  resis¬ 
tance.  This  indicates  that  these  measurements  actually 
represent  areas  of  the  wafer  that  received  a  substantially 
different  dose  from  the  implant  target. 


5.  Conclusions 

We  have  demonstrated  the  capabilities  of  the  ther¬ 
mal-wave  measurement  technique  to  monitor  high-dose 
implants  on  test  and  device  wafers.  The  results  have 
been  correlated  to  sheet-resistance  measurements  for 
test  wafers.  On  device  wafers,  we  have  correlated  the 
thermal-wave  mea.surements  to  electrical-device  param¬ 
eters.  The  repeatability  of  the  measurement  technique 
was  demonstrated  to  be  superior  to  the  typical  dose 
ranges  of  most  high-dose  implant  processes. 
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Lasered  structures  such  as  silicon  on  insulator  (SOI),  and  Si,N4  on  silicon  have  been  synthesized  by  different  ion  beam 
techniques  and  investigated  by  infrared  (IR)  reflection  and  absorption.  Auger  electron  spectioscopy  (AhS)  and  cross-sectional 
transmission  electron  microscopy  (XTEM)  Buried  SiO.,.  Si^Nj  and  SiO,N,  layers  in  silicon  have  been  formed  by  oxygen  (200  keV. 
I  8  X  lo”'  O  */cm')  or  nitrogen  (190  keV.  I  8  x  lo”'  N  Vcnr)  implantation  and  by  dual  implantation  of  oxygen  (200  keV,.  I  8X10”' 
O  /cm’  I  and  nitiogen  (180  keV.  4  x  iO'^  N  Vcnr)  into  silicon  and  annealing  at  different  temperatures  Siltcon  nitride  films  with  a 
stoichiometric  ratio  of  Si,N4  have  been  synthesized  by  ion  beam  enhanced  deposition  (IBbD)  Infrared  reflection  spectra  m  the 
wavenumber  range  1700-5000  cm'  ’  were  measured  for  the  SOI  structures  and  SijNj  films  on  silicon  Refractive  index  profiles  of 
the  SOI  structures  and  Si;N4  films  on  silicon  were  obtained  by  computer  simulation  of  the  IR  reflection  interference  spectra 
In-depth  composition  profiles  of  the  Si,N4  film  on  silicon  have  been  correlated  with  its  refractive  index  profiles  using  the 
Lorentz- Lorenz  equation  The  results  of  IR  analysis  are  m  agreement  with  z\ES  and  Xl'LM  results 


1.  introduction 

The  synthesi,s  of  silicon  on  insulator  (SOI)  structures 
by  ton  implantation  for  very  large  scale  integrated 
(VLSI)  circuits  has  received  considerable  attention  in 
recent  years  (Ij  The  technique  of  ton  implantation  is 
currently  being  developed  to  form  SOI  structures  with  a 
high-quality,  single-crystal  silicon  layer  on  an  insulating 
layer.  Until  now  SOI  structures  have  mainly  been 
formed  by  oxygen  or  nitrogen  implantation  and  in¬ 
vestigated  by  transmission  electron  microscopy  (TEM). 
secondary  ton  mass  spectro.scopy  (SIMS)  and  Ruther¬ 
ford  back.scattering  spectroscopy  (RBS)  (2.3)  Silicon 
nitride  films  with  high  thermal  and  chemical  stability- 
can  be  used  as  an  important  dielectric  layer  in  electron¬ 
ics  components  (4).  Such  films  can  be  obtained  by  ion 
beam  enhanced  deposition  (IBF.D)  which  is  a  combina¬ 
tion  of  ion  implantation  and  physical  vapor  deposition 
(PVD)  The  films  synthesized  by  IBED  have  the  ad-, 
vantage  of  a  sufficient  adhesion  to  the  substrate,  and 
easier  control  of  the  chemical  composition  and  thick¬ 
ness  of  the  film.  Silicon  nitride  films  have  been  synthe¬ 
sized  by  IBED  and  investigated  by  TEM  and  RBS.  In 
this  paper,  we  report  on  the  optical  characterization  of 
films  with  a  layered  structure  such  as  SOI,  and  silicon 
nitride  films  formed  by  different  ion  beam  techniques. 
The  refractive  index  profiles  of  SOI  structures  formed 


the  structure  ol  the  buried  layer,  profiles  of  silicon 
nitride  films  synthesized  by  IBED  and  the  width  and 
shape  of  the  transition  region  were  investigated  by  the 
best  fitting  process  for  the  IR  reflection  spectra  The 
relationship;  between  the  IR  rellection  spectra  and  the 
SOI  structures,  the  IBED  silicon  nitride  film  structures 
were  also  obtained  by  a  theoretical  analysis  Refractive 
index  and  composition  of  the  IBED  silicon  nitride  film 
have  been  correlated  using  the  Lorentz -Lorenz  equa¬ 
tion 


2.  Experimental 

n-type  (100)  .Si,  with  a  resistivity  of  ~  10  fi  cm,  was 
implanted  with  oxygen  (I  8  X  lO”'  0*/cm',  200  keV) 
or  nitrogen  (18x10’”  N ‘/cm’,  190  keV).  or  first 
oxygen  (1.8  X  lO'”  O  V'-'tiV-  200  keV)  and  then  nitrogen 
(4  X  10'^  N  ‘Ait''.-  1I<0  keV)  During  implantation,  the 
wafer  was  maintained  at  500-550  °C  After  implanta¬ 
tion.  thermal  annealing  wus  used  in  order  to  allow  for 
.solid-pha.se  epitaxial  regrowth  of  the  top  silicon  layer 
and  for  formation  of  the  buried  layer  The  sainpies 
formed  by  nitrogen  implantation  and  by  dual  implanta¬ 
tion  of  oxygen  and  nitrogen  were  annealed  at  1200°C 
for  2  h  The  .samples  implanted  with  oxygen  were  an¬ 
nealed  at  1300°C  for  5  h.  Deposition  of  silicon  nitride 
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enhanced  deposition  system.  Silicon  wafers  were  used  as 
substrates.  High  purity  Si  and  Nj  gas  were  used  as 
source  materials  of  electron  beam  evaporation  and  im¬ 
plantation.  During  silicon  film  growth,  40  keV  nitrogen 
ions  with  a  ratio  of  N  VN2*  “  3/4  were  implanted  into 
the  silicon  film  and  silicon  nitride  films  were  formed. 

Infrared  reflection  measurements  were  made  at  room 
temperature  by  means  of  a  Perkm-Elmer  983  double 
beam  spectrometer  for  the  frequency  range  1700-5000 
cm  ■ The  quoted  accuracy  of  the  Perkin-Elmer  is  ±  1% 
in  absolute  reflection.  The  reflections  were  measured 
with  the  beam  at  near-normal  incidence  to  the  im- 
p  anted  surface.  Multiple  reflections  between  the  front 
and  rear  surfaces  were  eliminated  by  the  lapped  back 
surface.  The  SOI  structures  and  the  silicon  nitride  films 
were  also  measured  by  using  RBS  and  channeling-effect 
techniques.  TEM  and  AES, 


3.  Results  and  discussion 

J.l  IR  reflection  interference  analysis  and  optical  effects 
of  SOI  structures 

Fig  1  shows  the  infrared  reflection  spectra  (solid 
line)  for  the  SOI  structures  formed  by  (a)  oxygen  (1.8  X 
10'*  O  200  keV)  implantation  and  annealing  at 

1 300 ’C  for  5  h,  (b)  nitrogen  (1.8  X  lO'**  N  7cm%  190 
keV)  implantation  and  annealing  at  1200°C  for  2  h.  or 
(c)  first  oxygen  (1  8  X  lO'*  O^/cm*.  200  keV)  and  then 
nitrogen  (4  x  lO'’  N  *./cm‘,.  180  keV)  implantation  and 
annealing  at  1200 °C  for  2  h  The  interference  effects 
ob.served  in  fig  1  are  caused  by  refractive  index  changes 
in  the  buried  layer  The  RBS  and  AES  analyses  show 
that  there  is  a  defective  top  silicon  layer  which  extends 
from  the  surface  down  to  the  buried  layer  after  high 
temperature  annealing,  the  interfaces  of  top  silicon- 
buried  layer  and  buried  layer-substrate  are  steep  and 
there  is  an  internal  nitrogen-rich  thin  layer  in  the  buried 
nitride  layer.  The  AES  and  IR  absorption  analyses  also 
show  that  there  is  the  thin  oxynitride  layer  at  the  wings 
of  the  buried  oxide  layer  for  the  SOI  structure  formed 
by  dual  implantation  of  oxygen  and  nitrogen 

A  theoretical  model  was  established  through  a  con¬ 
sideration  of  the  optical  properties  of  the  top  silicon 
layer  and  .the  buried  layer.  A  computer  code  was  e.stab- 
lished  to  calculate  the  interference  at  normal  incidence 
in  reflection  (R)  from  a  multi-layer  thin  film  model  [5] 

>  he  code  computes  R  foi  an  arbitrary  number  of  layers 
having  index  of  refraction  Uj,-  extinction  coefficient 
and  layer  thickness  d,.  The  top  silicon  layer  of  the  SOI 
structure  was  taken  as  one  uniform  layer  of  index  /i„ 
and  thickness  D^.  The  buried  layer  was  taken  as  one 
uniform  silicon  oxide  layer  or  silicon  nitride  layer  with 
an  internal  porous  nitrogen-iich  thin  layer,  o  e  uniform 
silicon  oxide  layer  in  the  the  middle  part  of  the  buried 
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Fig  1  IR  refleclion  speclra  of  SOI  .slructures  formed  by  (a) 
oxygen  (200  keV,  1  8  x  lO'*  O  Yem' )  implanlation  and  anneal¬ 
ing  at  1300°C  for  5  h.  (b)  nitrogen  (190  keV.  18x10"* 
N^/cnr)  implantation  and  annealing  at  1200  °C  for  2  h.  and 
(c)  first  oxygen  (200  keV,  1  8x  lo"*  O  '/cm’)  and  then  nitro¬ 
gen  (180  keV.  4x  lO'’  N  '/cm’)  implantation  and  annealing  at 
I200°C  for  2  h  Both  experimental  spectra  (solid  lines)  and  the 
best  fitting  curve  (dashed  curves)  are  shown  The  inset  shows 
the  refractive  index  profiles  of  the  SOI  structures 


layer  and  two  uniform  thin  oxynitride  layers  at  the 
interface  of  the  buried  layer  The  extinction  coefficients 
are  zero  for  the  wavenumber  range  1700-5000  cm  ' 
The  experimental  reflection  spectrum  was  fitted  by  using 
the  computer  code  which  adjusted  the  values  of  parame- 
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ters  of  the  multi-layer  thin  film  model  to  minimize  the 
reduced  chi-square.  The  dashed  curves  in  fig.  1  are  the 
results  of  the  fitting  of  the  reflection  spectra  using  the 
theoretical  model.  The  insert  shows  the  refractive  index 
profiles  of  the  SOI  structures.  In  fig.  1,.  it  is  seen  that 
the  samrie  of  both  oxygen  and  nitrogen  implanted 
silicon  after  annealing  at  1200  °C  for  2  h  results  in  a 
continuous  buried  layer  with  silicon  oxide  in  the  middle 
part  of  the  buned  and  the  two  thin  oxynitride  layers  at 
the  interfaces.  The  thicknesses  of  the  top  silicon  layer 
and  the  buried  layer  are  2650  and  2300  A,  respectively 
Variations  in  IR  reflection  spectra  caused  by  deviation 
in  the  parameters  of  SOI  structures  away  from  the  best 
fitting  parameter  set  in  fig.  1  were  observed  by  theoreti¬ 
cal  calculation.  The  results  indicate  that  the  IR  reflec¬ 
tion  spectra  are  sensitive  to  the  parameters  of  the  theo¬ 
retical  model. 


3  2  IR  reflection  interference  analysts  and  optical  effects 
of  the  I  BED  silicon  nitride  film 

Fig.  2  shows  the  infrared  reflection  spectra  for  the 
silicon  substrate  and  the  silicon  nitride  film  deposited 
on  silicon  by  IBED.  As  a  result  of  RBS  and  AF,S 
analysis,  there  is  a  thin  top  silicon-rich  layer  on  the 
surface  of  the  silicon  nitride  film  formed  by  IBED.  The 
infrared  absorption  analysis  proves  that  silicon  nitride 
films  deposited  on  silicon  by  IBED  are  stoichometnc 
Si,N4  films.  The  AES  analysis  shows  that  there  is  a 
smooth  transition  region  between  the  silicon  nitride 
layer  and  the  silicon  substrate.  A  theoretical  model  was 
established  through  consideration  of  all  the  effects  dis¬ 
cussed  above  In  this  model,  the  transition  region  is 
approximated  by  I  layers  of  equal  thickness  D  with  n,. 
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Fig.  3  Both  the  expenmental  spectrum  (solid  line)  and  the  best 
fit  curve  (dashed  line)  of  a  silicon  nitride  film  deposited  on 
silicon  are  shown  The  inset  shows  the  refractive  index  profile 
of  the  silicon  nitride  film  deposited  on  silicon 

the  index  of  refraction  of  the  _/th  layer,  given  by  a  half 
Gaussian  distribution  of  the  form: 

«;  =  "s+  (”B-  «s)  exp{  -[(y  -  1)£>]V(2  A/?*)|, 

where  rig  is  the  index  of  refraction  of  the  silicon  nitride 
layer,  n^  is  the  refractive  index  of  the  silicon  substrate 
and  A/?p  is  the  standard  deviation.  The  extinction 
coefficients  are  zero  for  the  wavenumber  range  1700- 
5000  cm  ■  ’  A  computer  code  was  established  to  calcu¬ 
late  the  interference  at  normal  incidence  in  reflection 
(R)  from  a  multi-layer  thin  film  model  described  above. 

Fig.  3  shows  the  infrared  reflection  spectra  (solid 
tine)  for  the  silicon  nitride  film  deposited  on  silicon  by 
IBED.  The  dashed  curve  is  the  result  of  fitting  the 
reflection  spectrum  using  the  theoretical  model  Al.so 
shown  IS  the  refractive  index  profile  of  the  IBED  film  as 
the  fitting  function  in  fig.  3.  In  fig.  3,  it  is  seen  that  the 
structure  of  the  silicon  nitride  film  deposited  on  silicon 
consists  of  a  smooth  transition  region  between  the  de¬ 
posited  film  and  the  silicon  substrate.  The  thickness  of 
the  silicon  nitride  layer  and  width  of  the  transition 
region  are  1300  and  1000  A,  respectively. 

The  large  changes  observed  in  the  refractive  index  of 
the  IBED  silicon  nitride  film  shown  in  fig.  3  appear  to 
be  associated  \^ith  changes  in  the  microstructure  The 
model  to  predict  the  refractive  index  of  the  silicon 
nitride  film  formed  by  IBED  was  constructed  using  the 
results  analyzed  above  which  show  that  the  silicon 
nitride  film  is  a  mixture  of  S13N4  and  pure  Si.  If  x  is 
the  atomic  ratio  of  Si  and  Si  +  N  is  determined  by 
quantitative  .AES  analysis  while  sectioning  through  the 
silicon  nitride  film,  the  Lorentz- Lorenz  equation  i.> 
given: 

,(-.'-l)/(«^  +  2)  =  tTrAs,^N,  «s,,N, 
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Fig  4  Refractive  index  profile  of  silicon  nitride  film  deposited 
on  silicon.  Both  the  refractive  index  profile  (solid  line)  de¬ 
termined  by  fitting  the  interference  spectrum  and  that  calcu¬ 
lated  by  using  the  Lorentz-Lorenz  equation  (o)  are  shown  for 
companson 

where  ,  is  the  atom  density  of  the  mixture 

Si,N|  and  osi.n,  ,  'S  polanzability  for  the  mix¬ 
ture  Si  ,N|  _ Osi.N,  was  taken  as 

«s,,N,  ,  =  U7-':-3)as,z(l  -x)as„N.. 

where  oj,  is  the  polarizability  for  St  (3.47  x  10  '^^  cm’) 
and  osuN,  's  the  polarizability  for  Si}N4  (9.24  X  10“^“* 
cm’),. 

The  Lorentz-Lorenz  equation  can  be  used  to  com¬ 
pute  the  refractive  index  n(x).  The  results  of  these 
calculations  are  presented  in  fig.  4.  There  ts  good  agree¬ 
ment  with  the  refractive  index  profile  obtained  by  com¬ 


puter  fitting  the  IR  reflection  spectrum  of  the  silicon 
nitride  film. 


4.  Conclusion 

Layered  structure  films  such  as  SOI,  and  silicon 
nitride  films  have  been  synthesized  by  different  ion 
beam  techniques  and  investigated  by  RBS,  AES  and  IR 
absorption  and  reflection  spectroscopy.  Computer  simu¬ 
lation  of  the  reflection  interference  spectrum  has  been 
proven  to  be  an  effective  method  for  the  analysis  of 
layered  structures  formed  by  different  ion  beam  tech¬ 
niques.  The  parameters  for  the  SOI  structures  and  the 
IBED  silicon  nilnde  films  deposited  on  silicon,  such  as 
the  thickness  of  the  top  silicon  layer,,  the  buned  layer 
and  width  of  the  transition  region  between  the  IBED 
silicon  nitride  film  and  the  silicon  substrate  were  ob¬ 
tained  in  this  manner 
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Buned  silicon  nitride  layers  can  be  synthesized  by  high  dose  nitrogen  implantation  into  silicon  To  investigate  temperature  effects, 
200  keV  N*  implantations  into  silicon  were  performed  with  doses  of  0  35  to  1.05  xio'*  N  cm  ‘  A  fir.st  set  of  samples  was 
implanted  at  500  °C,.  using  ion  beam  induced  heating  only  For  the  second  set,  a  new  sample  holder  provided  con.stant  background 
heating  of  the  wafer  maintaining  it  at  a  constant  temperature  of  OVOilO^C  by  halogen  lamp  irradiation  Two  hour  anneals  were 
carried  out  in  flowing  nitrogen  at  temperatures  between  700  and  1200°C  in  100°C  steps  Rutherford  backscattering  measurements 
were  performed  in  order  to  assess  the  quality  of  the  silicon  top  layers  It  is  concluded  that  constant  background  heating  leads  to  a 
major  improvement  of  the  crystalline  quality  for  all  implantation  doses  and  for  annealing  temperatures  up  to  1100°C 


1.  Introduction 

One  way  to  produce  SOI  (silicon-on-insulatoi)  .struc¬ 
tures  by  ion  beam  synthesis  is  to  implant  nitrogen  ions 
into  silicon  to  form  a  buried  nitride  layer,  known  by  the 
acronym  SIMNI  (Separation  by  IMplantatton  of 
Nitrogen)  [1],  In  comparison  to  the  formation  of 
SIMOX  (Separation  by  IMplantation  of  OXygen)  sub¬ 
strates  [2],  lower  doses  of  ions  are  required  to  synthesize 
the  nitride  layer.  In  addition  lower  anneal  temperatures 
are  adequate  for  complete  segregation  of  the  nitrogen 
atoms  to  the  nitride  layer  [3], 

The  formation  of  SIMNI  stiuctures  is  a  two-step 
procedure;  the  implantation  of  a  high  dose  of  nitrogen 
into  silicon  is  followed  by  a  high  temperature  annealing 
stage  The  implantation  has  to  be  performed  at  temper¬ 
atures  T,  >  350  °C  to  give  a  device  quality  silicon  top 
layer  [4]  Common  nitrogen  implantation  temperatures 
are  in  the  range  420-520  °C. 

In  this  paper  the  crystalline  quality  of  wafers  im¬ 
planted  with  the  heated  sample  holder  (T,  =  670  °C)  is 
compared  to  that  of  wafers  implanted  using  beam  heat¬ 
ing  only  (7,  =  500°C) 


2.  Experiment 

Molecular  nitrogen  (N,* )  was  implanted  into  device 
giade  (1(X))  silicon  wafers  using  the  500  kV  high  current 
implanter  at  the  University  of  Surrey.  The  energy  of  the 
incident  Nj*  ions  was  400  keV  and  the  doses  of  0.35. 
0.70  and  1.05x10'*  N*  cm"^  are  designated  low, 
medium  and  high  doses. 


Two  series  ^  '  implantations  were  perlormed.  For  the 
first  series  (set  1)  the  wafer  rests  on  three  silicon  tips, 
which  ensure  thermal  usolation  of  the  sample  from  the 
mounting  plate  [5],  The  implantation  starts  at  room 
temperature,  using  a  beam  current  of  60  gA.  and  after 
one  to  two  minutes  an  equilibrium  implantation  tem¬ 
perature  of  500  +  30°C  IS  reached  as  a  result  of  ion 
beam  induced  heating  only. 

The  second  implantation  senes  (set  2)  was  per¬ 
formed  at  670  ±  10°C  using  a  heated  sample  holder  [6] 
in  which  halogen  lamps  provide  constant  background 
heating  to  preheat  and  maintain  the  sample  at  an 
elevated  temperature.  The  advantages  of  using  halogen 
lamps  include  a  higher  implantation  temperature  as  well 
as  preheating  of  the  wafer  prior  to  the  start  of  the 
implantation  process 

On  each  wafer  the  implanted  area  of  2 ,5  X  2  5  cm’ 
was  cleaved  into  small  samples  which  were  annealed  in 
a  dry  nitrogen  atmo.sphere  for  2  h.  covering  the  temper¬ 
ature  range  from  700  to  1200°C  in  100  °C  steps.  The 
as-implanted  and  annealed  samples  were  analysed  by 
Rutherford  backscattering  (RBS)  and  ion  channeling  of 
1.5  MeV  helium  ions  and  cross-.sectional  transmission 
electron  microscopy  (XTEM). 


3.  Results  and  discussion 

3.1  As-implanied  samples 

Figs,  la,  b  and  c  show  the  aligned  RBS  spectra  for 
a.s-implanted  samples  from  set  1  (curves  (ii))  and  set  2 
(curves  (iii))  and  for  samples  annealed  at  1200  °C  from 
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set  1  (curves  (iv))  and  set  2  (curves  (v)),  together  with 
the  random  spectra  for  the  annealed  samples 

from  set  2  (curves  (i)).  For  both  sets  the  dose  of  0.35  x 


Fig.  1.  RBS  spectra  from  samples  implanted  with  (a)  0  35  x  lO"* 
N*  cm"^  th)  070X10'*  N*  cm'*  and  (cjf  1  05x10'*  N* 
cm“^  without  (set  1)  and  with  (set  2)  background  heating 
Curves:  (i)  set  2,  random,  annealed  at  1200 °C;  (ii)  set  1,. 
channelled.  .is-implanted;  (in)  set  2,  channelled,  as-implanted, 
(iv)  set  1..  channelled,  annealed  at  1200°C;  (v)  set  2,  chan¬ 
nelled,  annealed  at  1200°C. 


Fig.  2  Dark  field  XTEM  micrograph  of  a  unannealed  sample 
implanted  with  105x10'*  N*  cm"^  using  constant  back¬ 
ground  heating  ( T,  =  670  °  C), 


lO’**  cm“‘  (Fig.  la)  produces  the  least  damage  in 
the  top  silicon  layer.  Comparing  the  two  sets  it  is 
obvious  that  for  set  2  samples  (curves  (in),  background 
heating),  the  silicon  top  layer  is  of  better  quality  for  all 
doses.  The  higher  temperature  leads  to  an  improved 
crystalline  structure  after  the  implantation  due  to  self 
annealing  during  the  implantation.  The  .most  pro¬ 
nounced  improvement  is  seen  for  the  smallest  dose. 

XTEM  investigations  have  been  performed  in  order 
to  compare  the  stucture  of  implanted  samples  from  set 
1  and  set  2  for  the  highest  dose.  In  both  cases,  the 
nitride  layer  is  amorphous  but  precipitation  above  and 
below  the  buried  nitride  layer  is  more  pronounced  in 
the  sample  from  set  2  (fig.  2)  These  precipitates  are 
believed  to  consist  of  amorphous  nitride  which  formed 
during  the  implantation  at  the  higher  T,. 

J  2.  Annealed  samples 

i  2  /  Small  dose  (0  35  X  /O''*  N  "  cm  '  ■) 

For  the  beam  heated  .samples  (set  1),  increasing  the 
anneal  temperature  improves  the  crystallinity  of  the 
silicon  overlayer.  This  is  evident  from  the  Xmm  values 
(ratio  of  minimum  channelling  yield  and  landom  yield 
m  the  near  surface  region)  of  43,  14,  8  and  4%  in 
.samples  annealed  for  2  h  at  700,  900, 1100.  and  1200°C,- 
re.spectively. 

For  the  samples  annealed  at  1200°C,  RBS  spectra 
showed  an  anomalous  dechannelling  occuring  at  a  depth 
of  150  nm.  This  dechannelling  may  be  a  result  of 
residual  damage  or  the  presence  of  nitrogen  in  the  form 
of  precipitates. 

Samples  implanted  using  constant  background  heat¬ 
ing  (set  2),  which  were  annealed  over  the  same  tempera¬ 
ture  range,  showed  a  50%  reduction  in  the  channelling 
yield  at  the  relatively  low  anneal  temperature  of  700  °  C. 
Higher  anneal  temperatures  result  in  good  crystalline 
quality  silicon  top  layer  with  a  Xmm  value  of  4%. 
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Fig.  3.  XTEM  micrograph  of  a  sample  implanted  with  1.05  X 
lO"*  N'^  cm“^  and  annealed  at  1200°C  for  2  h.  Implantation 
conditions  as  in  fig.  2. 


3.2.2  Medium  dose  (0. 70  X  N  *  cm~  ') 

In  both  set  1  and  set  2  samples,  gradual  improve¬ 
ment  of  the  crystalline  quality  in  the  near  surface  region 
IS  observed  during  anneals  between  temperatures  of  700 
and  1100  "C.  During  the  1200°C  anneal  the  silicon 
overlayer  recovers  fully  (fig.  lb,  curves  (iv)  and  (v)).  For 
all  anneal  temperatures  RBS  analysis  shows  a  reduced 
number  of  defects  in  the  Si  overlayer  for  samples  from 
set  2  The  silicon  overlayer  thickness  of  samples  an¬ 
nealed  at  1200°C  is  found  to  be  greater  in  the  sample 
implanted  with  background  heating  (300  nm)  than  in 


Fig  4.  Companson  of  the  anneal  temperature  dependence  of 
(ratio  of  the  minimum  channelled  yield  and  random  yield 
in  the  near  surface  region)  for  samples  implanted  without 
(set  1)  and  with  (set  2)  background  heating. 


the  sample  implanted  without  external  heating  (290 
nm). 

3.2.3.  Large  dose  (1.05  x  W'^  N  cm~ ') 

The  channelled  RBS  spectra  from  as-implanted  and 
annealed  samples  from  set  1  and  set  2,  over  the  anneal 
temperature  range  700  to  1200°C  indicate  similar  im¬ 
provements  in  the  crystalline  quality  of  the  top  silicon 
layer  as  for  samples  implanted  with  the  medium  dose. 
Again  for  the  samples  annealed  at  1200°C,  the  silicon 
overlayer  thickness  is  greater  for  the  sample  implanted 
with  background  heating  (fig.  Ic;  curves  (iv)  and  (v)). 
Shown  m  fig.  3.  is  a  typical  XTFM  micrograph  of  the 
1200°C  annealed  sample  from  set  2.  The  estimated 
density  of  threading  dislocations  is  7  x  10^  cm'^.  Fur¬ 
thermore  the  dislocation  density  in  the  silicon  overlayer 
for  the  set  1  samples  (not  shown)  was  found  to  be  about 
lO'®  cm'^. 

The  anneal  temperature  dependence  of  the  values  of 
Xmin  fof  sll  samples  is  shown  in  fig.  4  It  can  be  seen 
that  the  Xmm  values  after  the  1200  °C  anneal  coincide 
for  set  1  and  set  2  samples,  indicating  the  good  quality 
of  the  near  surface  region  of  the  silicon  overlayer. 
However  XTEM  investigations  indicated  that  the 
threading  dislocations  density  was  higher  by  about  three 
orders  of  magnitude  for  the  set  1  samples. 


4.  Conclusions 

(i)  Constant  background  heating  providing  sample 
preheating  and  a  higher  implantation  temperature 
leads  to  an  improved  crystalline  quality  in  the  top 
layer  of  silicon  of  the  SIMNI  structures  in  the 
as-implanted  as  well  as  in  the  annealed  samples  for 
r^<  1200°C. 

(li)  Implantation  with  eonstant  background  heating  at 
=  670  °C  leads  to  a  thicker  silicon  overlayers  (300 
nm)  after  the  1200°C  anneal  with  a  dislocation 
density  three  orders  of  magnitude  lower  than  those 
implanted  using  beam  heating  only. 

(ill)  An  annealing  temperature  of  1200 'C  is  required  in 
order  to  achieve  a  low  defect  density,  precipitate- 
free  silicon  overlayer. 
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Studies  on  Si^+  dual  implantations  into  the  top  silicon  layer 
of  SIMNI  material 
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Urn  Beam  iMhoraton,  Shanghai  Institute  of  Metallurgy.  Atademia  Sinua,  Shanghai  200050,  People's  Republic  oj  China 


SlMNl  material  was  formed  by  N  *  implantation  into  crystalline  silicon  wafers  at  170  keV  with  a  dose  of  1  8x10"' cm  ‘  and 
annealing  at  1200°C  for  2  h  The  top  silicon  of  these  SIMNI  wafers  was  amorphi^ed  at  different  depths  by  Si*  implantation  at  three 
conditions,  (1)  25  keV,,  5x10"  cm  (2)  140  keV,.  5xl0"  cm“',,  (3)  25  keV.  5xl0"  cm  -  +80  keV,  5xl0"  cm  ’  +  140  keV.. 
5  X  lo"  cm  "  Then  the  three  groups  of  SIMNI  wafers  and  another  group  with  no  implantation  by  Si  *  were  implanted  by  B  *  at  25 
keV  with  a  dose  of  1  x  lO"  cm  and  annealed  at  a  series  of  temperatures  for  30  min  Cilancing  RBS/C  mea.surement  sliows  that  an 
epitasial  regrowth  toward  the  surface  or  the  inner  part  of  the  top  silicon  exists  for  the  samples  in  group  (1)  and  (2).  respectively,  with 
increasing  annealing  temperature  No  epitaxial  regrowth  exists  for  the  .samples  in  group  (3)  Raman  measurement  shows  that  a  pha.se 
transformation  from  amorphized  silicon  to  polysilicon  exists  for  the  top  silicon  of  samples  in  group  (3)  when  the  annealing 
temperature  is  increased  from  500 °C  to  600 °C  SRP  measurement  shows  that  Si*  +  B*  dual  implantations  are  able  to  increase  the 
actuation  rate  of  boron  in  the  top  silicon  of  SIMNI  material 


1.  Introduction 

Up  to  now.  many  studies  have  been  done  on  the 
formation  mechanism  of  SOI  material  formed  by  ic.i 
implantation,  the  dependence  of  its  microstructure  and 
properties  on  implantation  and  annealing  conditions 
and  Its  application  in  device  fabrication  [1-7].  However., 
the  implantation  damage  and  annealing  behavior  of  top 
silicon  in  SIMNI  (Separation  by  IMplanted  Nitrogen) 
or  SIMOX  (Separation  by  IMplanted  OXygen)  materi¬ 
als  have  not  been  studied  much,  although  this  is  of  great 
importance  for  the  applieation  of  SIMNI  or  SIMOX 
materials  m  device  fabrication  In  this  paper..  Si  ‘  was 
implanted  into  the  top  silicon  of  SIMNI  wafers  at  three 
different  conditions  Then  these  wafers  and  those  of 
another  group  with  no  implantation  of  Si  *  were  im¬ 
planted  by  B  '  Glancing  Rutherford  backscattering  and 


channeling  (RBS/C)  and  Raman  measurements  were 
used  to  investigate  the  implantation  dam;  ge  and  an¬ 
nealing  behavior  of  the  lop  silicon  in  SIMNI  material 
Spreading  resistance  probe  (SRP)  measurements  were 
used  to  characterize  the  activation  of  boron  m  the  top 
silicon  of  SIMNI  The  results  indicate  that  the  implan¬ 
tation  damage  and  annealing  behavior  and  activation  of 
boron  differ  from  each  other  with  different  implanta¬ 
tion  conditions. 


2.  E\perimcnt 

Clean  surface  n-type  (100)  crystalline  silicon  wafers 
with  a  resistivity  of  about  10  Hem  were  implanted  by 
N  *  at  170  keV  with  dose  of  1  8  x  10"  cm"'  During 
implantation,  the  wafers  were  heated  by  the  incident 


Si  , N, 

J  U 

big  1  Diagram  of  epitaxial  regrowth  after  annealing  of  SIMNI  samples  implanted  by  Si*  at  different  depths  (a)  Si*  25  keV. 
5X10"  cm  -+B’  25  keV.  1  Xl0"en.  /(b)  Si*  140  kcV.  5  X  lO"  cm  ’+B'  25  keV,  1  x  lO"  cm  /  (e)  Si  *  ■  25  keV.  5  X  lO" 
cm  - +80  keV.  5x  10"em  ’  +  140  keV,  5  x  lo"  cm  -sB*  25  keV.  1  x  lo"  cm  ' 
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Channel 


Fig  ■'  PBS/C  spectra  of  SIMNI  material  implanted  by  Si^  at  Fig  3  RBS/C  spectra  of  SIMM  material  implanted  by  Si^  at 
25  keV.  5xl0''cm  and  B^  at  25  keV,  1  xlO'^cm"'  140  keV.  5 x  lo'* cm'  ^  and  B'  at  25  keV,  1  xlO'-'cm  " 


beam  and  the  temperature  of  the  wafe's  was  kept  at 
about  500  °C  Then  these  wafers  were  annealed  at 
1200°C  for  2  h  in  a  dry  Nj  ambient,  and  SIMNI  wafers 
with  a  top  layer  of  silicon  of  about  250  nm  were 
obtained  Si^  was  imnlanted  into  the  top  silicon  of 
these  SIMNI  wafers  at  three  different  conditions  to 
amorphize  the  top  silicon  at  different  depths  (see  fig.  I). 
(1)  25  keV,.  5  X  10'^  cm’-;.  (2)  140  keV..  5  x  lO"  cm‘% 
(3)  25  keV,.  5  x  lO”  cm"-  +  80  keV,.  5  X  10'^  cm'  *  + 
140  keV,.  5  X  lO'^  cm'".  Then  these  three  groups  of 
samples  and  another  group  with  no  implantation  of  St  ^ 
were  implanted  by  B  *  at  25  keV  with  a  dose  of  1  x  lO'”" 
cm  ■  For  each  group,  annealing  at  a  series  of  tempera¬ 
tures  ranging  from  500  °C  to  900  °C  for  30  min  was 
done,  and  glancing  RBS/C  measurements  were  per¬ 
formed  with  an  incident  beam  of  He'*^  at  the  energy  of  2 
MeV.  Ram.nn  backscattenng  measurements  were  done 
by  a  RAMANLOG-5  spectrometer  with  the  wavelength 
of  the  incident  light  at  488  nm.  SRP  measurements  were 
carried  out  by  ASR-lOOC/2 


3.  Results  and  discussion 

Fig.  2  shows  glancing  RBS/C  spectra  for  the  sam-- 
pies  in  group  (1).  Because  of  the  relatively  low  energy  of 
Si  ^  implantation,  a  thin  layer  of  amorphous  silicon 
e.xisted  near  the  surface  of  the  top  silicon  before  anneal¬ 
ing.  Below  the  amorphous  silicon  layer,  there  is  a  layer 
of  crystalline  silicon  with  damage  created  by  B  *  im¬ 
plantation.  With  increasing  annealing  temperature,  an 
epitaxial  regrowth  toward  the  .surface  of  the  top  .silicon 
takes  place.  After  annealing  at  900  °C  for  30  min.  the 
thin  amorphous  top  silicon  recrystallized  into  crystalline 
silicon  with  a  minimum  yield  Xmm  1*^1  7  6%.  This 

value  IS  slightly  higher  than  that  of  crystalline  silicon. 
Al.so.  the  point  defects  created  by  B  implantation 


might  grow  into  second-order  defects  during  annealing 
and  they  could  not  be  annealed  out  at  900  °C  for  30 
min.  Raman  measurements  of  samples  in  group  (1) 
demonstrated  that  the  amorphous  silicon  phonon  peak 
that  existed  before  annealing  disappears  after  annealing 
at  6(X)°C  for  30  min.  Since  the  amorphous  layer  near 
the  surface  of  the  top  silicon  is  thin,  the  incident  light 
can  penetrate  through  the  amorphous  layer  on  to  the 
crystalline  silicon  area  below  So  a  small  phonon  peak 
exists  at  about  520  cm''.  It  became  niore  and  more 
inten.se  during  annealing  with  increasing  annealing  tem¬ 
perature. 

Fig.  3  shows  the  glancing  RBS/C  spectra  for  sam¬ 
ples  in  group  (2).  An  epitaxial  regrowth  toward  the 
interface  between  the  top  silicon  and  the  buried  insula¬ 
tor  layer  exists  during  annealing  with  increasing  anneal¬ 
ing  temperature.  After  annealing  at  900  °C  for  30  min, 
the  minimum  yield  for  the  thin  layer  near  the  surface  of 


t  hnnnei 


Fig  4  RBS/C  spectra  of  SIMNI  material  implanted  by  Si  *  at 
25  keV,.  5xl0'-  cm  '  +  80  keV,  5x10"  cm  ''  +  140  keV. 
5xl0''cm  '  and  B*  at  25  keV.  1  xl0"cm  ^ 
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the  top  Silicon  was  reduced  to  4.7%.  It  reached  that  level 
for  crystalline  silicon.  So  the  arrangement  of  silicon 
atoms  in  the  thin  top  layer  seems  to  be  perfect.  How¬ 
ever,  some  of  its  properties  may  not  be  the  same  as 
those  for  crystalline  silicon.  Also,  the  abrupt  front  inter¬ 
face  was  destroyed  by  Si^  implantation  and  its  gradient 
became  lower  after  annealing  at  900  °C  for  30  min. 
Therefore,  implantation  into  the  front  interface  should 
be  avoided  in  order  to  keep  the  interface  abrupt.  Ra¬ 
man  measurement  for  the  samples  in  group  (2)  indi¬ 
cated  that  no  amorphous  silicon  phonon  peak  appeared, 
and  the  phonon  peak  at  about  520  cm“‘  became  more 
and  more  intense  with  increasing  annealing  tempera¬ 
ture. 

Raman  spectroscopy  measurement  is  an  effective 
way  to  detect  a  phase  transformation.  Fig.  4  and  fig.  5 
are  glancing  RBS/C  and  Raman  spectra,  respectively, 
for  the  samples  in  group  (3).  Before  annealing,  the 
whole  top  silicon  was  amorphized  by  Si^  implantation, 
and  only  the  amorphous  silicon  phonon  peak  was  ob¬ 
served  (see  fig.  5  (a)).  After  annealing  at  500  °C  for  30 
min,  no  change  was  observed  from  the  Raman  measure¬ 
ment  (see  fig.  5  (b)).  But  after  annealing  at  6(K)°C  for 


Raman  shift  (ctn“M 

Fig.  5  Raman  spectra  of  SIMNI  material  implanted  by  Si  *  at 
25  keV.  5X10'’  cm  '^+80  keV,  5X10”  cm  ‘  +  140  keV. 
5xl0”cm"^  and  at  25  keV.  1  x  10”  cm  annealed  at 
different  temperature,  (a)  as-implanted;  (b)  500°C,  30  min. 
(c)  600 “C,  30  min,  (d)  700 °C,  30  min;  (e)  900 “C,  30  min 


Table  1 

Activation  rate  of  boron  in  SIMNI  material  implanted  by  Si^ 
at  different  conditions  followed  by  B"*^  implantation  al  25  keV,. 
Ixl0”cm'^,  annealed  at  900  °C  for  30  min 


Malenal 

Si''^  energy 
IkeV] 

Si''  dose 
[  X 10'’  cm"' 

Activation  rate 
']  of  boron 
[%1 

SIMNI 

_ 

- 

25 

25 

5 

38 

140 

5 

50 

25  +  80  +  140 

5  +  5  +  5 

5 

<;i00)-Si 

- 

- 

75 

30  min,  a  phonon  peak  at  about  520  cm  ^ '  appeared.  It 
indicated  that  the  top  amorphous  silicon  was  recrystal- 
lized  into  polysilicon  or  crystalline  silicon.  That  is,  a 
phase  transformation  from  amorphous  silicon  to  poly¬ 
silicon  or  crystalline  silicon  took  place  With  increasing 
annealing  temperature,  this  peak  became  more  and  more 
intense.  In  fig.  4,  it  is  shown  that  after  annealing  at 
600  “C  for  30  min,  the  channeling  yield  decreases  a 
little.  It  cannot  decrease  more  with  the  annealing  tem¬ 
perature  increasing  further  (see  the  following  explana¬ 
tion!.  After  annealing  at  900  °C  for  30  min,  the  mini¬ 
mum  yield  was  much  higher  than  that  of  crystalline 
silicon.  That  means,  the  top  amorphous  silicon  was  not 
recrystallized  into  crystalline  silicon.  Therefore,  com¬ 
bined  with  the  Raman  measurement  results  descnbed 
above,  it  can  be  concluded  that  a  phase  transformation 
from  amorphous  silicon  to  polysilicon  took  place  for  the 
samples  in  group  (3)  when  the  annealing  temperature 
was  increased  from  500  to  600  °C.  This  led  to  the 
channeling  yield  decreasing  a  little.  With  further  in¬ 
creasing  of  the  annealing  temperature,  there  is  only  an 
increase  in  grain  size  of  the  top  polysilicon.  So.  the 
channeling  yield  can  not  decrease  any  more. 

Table  1  shows  the  results  of  boron  activation  in  the 
top  silicon  layer  (SIMNI)  in  compari.son  to  that  in  bulk 
silicon  obtained  by  SRP  measurements.  It  can  be  seen 
that  the  activation  rate  of  boron  in  the  top  silicon  layer 
of  the  SIMNI  material  is  much  lower  than  that  in 
crystallme  silicon,  whether  Si  *^4-  B''^  dual  implantations 
were  used  or  not.  This  might  result  from  the  lower 
mobility  of  carriers  in  the  top  .silicon  layer  of  SIMNI 
material.  But  in  the  conversion  of  the  spreading  resis¬ 
tance  depth  profile  into  the  carrier  concentration  depth 
profile,  onij  the  carrier  mobility  of  standard  single 
silicon  samples  was  used.  Therefore,  there  may  be  a 
difference  between  the  actual  activation  rate  of  boron  in 
the  top  silicon  layer  (SIMNI  material)  and  that  given  in 
table  1.  However,  the  relative  trend  is  right,  and  from 
table  1,  It  IS  shown  tha'  Si*+B^  dual  implantations 
into  the  surface  area  or  the  front  interface  area  can 
increa.se  the  activation  rate  of  boron  in  the  silicon  of  the 
SIMNI  material.  It  is  estimated  that  .some  of  the  defects 
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in  the  top  silicon  layer,  for  example  deep  level  defects, 
may  diffuse  into  the  amorphous  area  created  by  the  Si 
implantation  and  be  annealed.  So  the  activation  rate  of 
boron  can  be  increased.  Because  the  quality  of  the 
silicon  layer  near  the  surface  is  more  perfect  than  that 
near  the  front  interface,  the  amorphization  of  the  inter¬ 
face  region  can  increase  the  activation  rate  more  than 
surface  amorphization  can. 
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SOI  structure  formed  by  95  keV  N2  and  implantation 
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N-type  (100)  Si  wafers  were  implanted  with  95  keV,  (0.1-l)xl0'*cm“’  N2^  and  and  a  beam  current  of  6  mA  by  using  an 
ion  implanter  without  mass  analysis.  The  waters  were  maintained  at  500 °C  during  implantation  After  implantation  the  samples 
were  annealed  at  1200°C  for  2  h  and  underwent  vapor-phase  epitaxial  growth.  The  experimental  results  showed  that  the  thickne.sses 
of  the  top  silicon  layer  with  a  minimum  channeling  yield  of  5%  a^e  0  3-1  pm  and  the  thicknesses  of  buried  S13N4  layer  are  170-2(X) 
nm  The  buried  silicon  nitride  layer  consists  of  polycrystalline  «-Si3N4  and  nitrogen-rich  nitride  The  Si-Si,N4  interface  is  extremely 
abrupt,  and  the  spreading  resistance  depth  distnbution  is  uniform  in  the  top  silicon  layer  The  results  indicate  that  this  method  is  an 
effective  technology  for  foiming  cheap  SOI  material 


1.  Introduction 

Vanous  techniques  are  currently  being  developed  to 
form  SOI  structures.  One  of  the  most  promising  tech¬ 
niques  for  producting  device-worthy  SOI  structures  is 
SIMOX  or  SIMNI  (separation  by  implanted  nitrogen). 
However.,  the  rapid  development  of  SOI  technology  has 
been  hindered  by  the  limited  supply  of  substrate  due  to 
very  long  implantation  times  using  presently  available 
implanters.  In  most  cases,  to  produce  a  buned  layer  of 
oxide  or  nitride,  the  ratio  should  be  greater 

than  about  three  For  both  oxygen  and  nitrogen  in 
silicon  this  corresponds  to  a  implantation  energy  greater 
than  100  keV  [1]. 

In  this  work,  we  report  the  use  of  95  keV  N/  and 
N  *  implantation  by  using  an  ion  implanter  without  a 
mass  analysis  stage  and  subsequent  vapor-phase  epi¬ 
taxial  growth  to  check  whether  good  quality  SOI  struc¬ 
tures  can  still  be  formed  or  not 


2.  Experimental 

N-type  {100)  silicon  wafers  with  a  resistivity  of 
about  10  fi  cm  weie  implanted  with  95  keV  N-,*  and 
N  ■*  (60%  ,.  40%  N  ^ )  with  a  beam  current  of  6  mA 

and  doses  from  1  x  10'^  cm“^  to  1  x  lO'*  cm'  ^  using 
an  un-analysed  beam  of  nitrogen  ions  The  wafers  were 
maintained  at  500  °C  during  implantation.  After  im¬ 
plantation,  the  samples  were  annealed  at  1200°C  for  2 
h  with  300  nm  of  deposited  S1O2  as  an  encapsulant. 
After  removing  the  S1O2  cap,  the  samples  underwent 
vapor-phase  epitaxial  growth  with  the  reaction  SiCL-b 


2H2-*Si  +  4HC1  at  1200° C  in  a  horizontal  inductive 
graphite  furnace  [2],  The  rate  of  growth  was  about  0  25 
gm/min.  The  time  of  the  vapor-phase  epita.xial  growth 
was  from  1  to  4  min.  To  achieve  a  low  impurity  con¬ 
centration  for  the  epitaxial  layer,-  PCI-,  carried  by  H2 
was  mixed  with  S1CI4  during  reaction. 

Rutherford  backscattering  and  channeling  (RBS/C) 
techniques  with  2  MeV  He"^  were  used  to  assess  the 
nitrogen  profile  and  radiation  damage  remaining  in  the 
top  silicon  layer.  Transmission  electron  microscopy 
(TEM)  w'as  used  to  study  the  microstructure  of  the  SOI 
samples  Infrared  (IR)  absorption  and  reflection  mea¬ 
surements  were  made  at  room  temperature  by  means  of 
a  7199-C  single  beam  spectrometer  over  the  frequency 
range  400-1400  cm''  and  a  Perkin-^Elmer  983  double 
beam  spectrometer  over  the  frequency  range  1500-5000 
cm"'  Spreading  resistance  probes  (SRP)  were  used  to 
measure  the  electrical  properties. 


3.  Results  and  discussion 

Fig  1  shows  the  RBS/C  spectra  of  SIMNI  formed 
by  N2'  and  N  implantation  at  95  keV  with  a  total 
dose  of  4  X  10“ '’cm'  ’  after  annealing  at  1200°C  for 
2  h  and  vapor-pha.se  epitaxial  growth  It  is  found  that 
the  thickne,sses  of  the  top  silicon  layer  and  buried 
nitride  layer  are  350  and  170  nm,  re.spectively.  The 
minimum  channeling  yield  (Y^.n)  of  the  top  silicon 
layer  in  the  RBS/C  spectra  is  5%,  which  approaches  the 
value  of  bulk  single-crystal  silicon. 

Fig.  2  is  the  IR  transmission  spectra  of  the  SIMNI 
samples.  The  IR  .spectrum  of  the  as-implanted  sample  is 
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Fig.  1  RBS/C  spectra  of  a  SIMNI  .sample  implanted  with  95 
keV  Ni*  andN*  with  a  total  dose  of  4x  10”cm  • 


relatively  weak  and  rather  broad  because  of  the  small 
amount  and  random  distnbution  of  the  Si-N  stretch 
bands  which  shows  a  typical  absorption  curve  of 
amorphous  silicon  nitride  After  annealing,  the  curve  of 
amorphous  nitride  splits  into  a  few  peaks,  and  the  peak 


WAVENUMBER  1  cm" '  \ 

Fig  2  IR  transmi.s.sion  spectra  of  SIMNI  samples:  (a)  as-im- 
planted,  (b)  after  annealing  at  1200  °  C  for  2  h. 


Fig  3  Cross-sectional  TEM  photograph  of  a  SIMNI  sample 
after  epitaxial  growth. 


positions  coincide  with  the  absorption  peaks  of  a-Si  jN4 
reported  by  Wada  et  al.  [3] 

Fig.  3  shows  a  cross-sectional  TEM  photograph  of  a 
SIMNI  sample  with  a  total  implantation  dose  of  4  x  lO'^ 
cm"^  N2*  and  It  can  be  seen  clearly  that  the  cross 
section  of  the  sample  consists  of  the  top  single-crystal 
silicon  layer  with  a  few  defects  and  the  buried  silicon 
nitride  layer.  If  the  implantation  dose  is  above  the 
critical  dose  (iV^,  1  e..  the  dose  required  to  directly  form 
the  stoichiometric  compound  Si^N^  at  the  peak  of  the 
nitrogen  depth  distribution)  the  buned  silicon  nitride 
layer  comsists  of  polycrystalhne  nitride  and  porous 
nitrogen-rich  nitride  in  the  middle  of  polycrystalline 
nitride  A  high  resolution  TEM  micrograph  of  the  buried 
sd'con  nitride  showed  that  the  crystal  structure  of  the 
polycrystalhne  nitride  is  trigonal  a-phase  Si3N4  with 
cell  dimensions  a  —  0.781  nm  and  c  =  0  559  nm. 

The  above  experimental  results  show  that  the  SIMNI 
materials  with  a  good  quality  top  silicon  layer  can  be 
formed  by  using  95  keV  Nt*  and  N"*  implantation, 
annealing,  and  epitaxial  growth.  However,  the  key  prob¬ 
lem,  which  has  a  great  influence  upon  the  quality  of 
SIMNI  material,  is  the  .selection  of  the  implantation 
conditions.  Fig  4  shows  the  depth  distributions  of 
implanted  nitrogen  ions  and  the  number  of  total  recoil 
atoms  for  95  keV  Nt*^  implantation  into  silicon  by 
TRIM’88  computer  simulation.  It  indicated  the  Rp  and 
ARp  of  95  keV  N2^  >ons  in  Si  to  be  126  and  41  nm. 
respectively,  and  the  distribution  of  the  recoil  atoms 
extends  to  the  surface.  So,  in  order  to  obtain  SIMNI 
material  with  a  thin  surface  silicon  layer,  which  is  a  seed 
cry.stal  during  epitaxial  growth,  we  must  carefully  select 
the  implantation  condition.  From  the  present  work,  the 
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Fig  4.  The  depth  distnbuUons  of  /{p  and  the  number  of  total 
recoil  atoms  for  95  keV  implantation  into  silicon 


cntical  dose  value  for  formation  of  a  SIMNI  structure 
at  95  keV  Nt^  and  implantation  is  3.2  X  lO'^cm”^. 
In  order  to  form  a  buned  and  continuous  S1JN4  layer,, 
the  doses  were  chosen  to  be  larger  than  the  critical 
value.  Fig.  5  shows  the  IR  reflection  spectrum  of  SIMNI 
implanted  by  95  keV  Nj"*  and  N  with  a  total  dose  of 
4  X  10'^  cm~^  after  annealing  at  1200  °C  for  2  h.  The 
dashed  curve  is  the  result  of  fitting  the  reflection  spec¬ 
trum  using  a  theoretical  model  described  in  our  previ¬ 
ous  paper  [4].  It  is  seen  that  the  SIMNI  structure 
consists  of  a  thin  crystal  top  silicon  layer  and  a  buried 
silicon  nitride  layer. 

Fig  6  shows  the  spreading  resistance  versus  depth 
distributions  for  three  SIMNI  samples  with  different 
implantation  doses:  (A)  1  X  lO’^  cm"^;  (B)  4  X  lO'^ 
cm“‘;  (C)  1  X  10'*  cm“^  In  fig.  6  (curve  A),  it  is  found 


wavenumber  s  cm  ■■  ), 

Fig  5.  IR  reflection  spectrum  of  a  SIMNI  sample  Both  the 
experimental  spectrum  (solid  line)  and  the  best  fit  curve  (dashed 
line)  are  shown  for  companson.  The  insert  shows  the  de  'uced 
refractive  index  profile  of  the  SIMNI  sample. 


Fig  6  Spreading  resistance  vs  depth  by  SRP  measurements  for 
SIMNI  samples  with  implantation  doses  (A)  IxlO'^cm”^, 
(B)  4x  and  (C)  1  x  10'*cm-^ 


that  the  spreading  resistance  versus  depth  distribution 
in  the  top  silicon  layer  is  uniform,  but  there  is  not  an 
insulating  buried  layer..  Fig.  6  (curve  B)  shows  the 
spreading  resistance  profile  in  the  top  silicon  layer  is 
uniform,  and  there  is  a  high  resistance  insulating  buried 
layer.  Fig.  6  (curve  C)  indicates  that  for  this  high  dose 
the  top  silicon  layer  has  a  high  resistance.  TEM  analysis 
shows  that  the  top  silicon  layer,  in  this  case,  is  poly- 
crystalline  silicon 

The  above  results  show  that  the  implantation  dose  is 
an  important  parameter  for  the  formation  of  SIMNI 
matenal.  If  the  dose  is  too  low.  the  buned  silicon  nitnde 
cannot  be  formed.  However,  if  the  dose  is  too  high,  the 
surface  layer  of  silicon  is  heavily  damaged  during  im¬ 
plantation  After  annealing  and  epitaxial  regrowth,  a 
top  polycrystalline  silicon  layer  was  obtained 


4.  Summary 


Using  Nj^  and  N^  implantation  with  an  energy  as 
low  as  95  keV,  high  temperature  r  n,iealtng  and  vapor- 
phase  epitaxial  growth  of  a  Si  layer,  enables  SIMNI 
structures  with  top  crystal  silicon  layer  and  buned 
silicon  nitnde  layer  to  be  formed. 

In  order  to  obtain  good  SIMNI  matenal,  the  ion 
implantation  dose  is  an  important  parameter,  which  has 
a  great  influence  upon  the  quality  of  the  top  silicon 
layer. 

The  method  reported  in  this  paper  is  an  effective 
technology  for  forming  cheap  SOI  material. 
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SlMNl  and  SIMOX  samples  were  subjected  to  burial  by  epitaxial  growth  of  Si  (1200°C).  oxidation  (900-1180°C,  in  O;  or 
and  baking  (12(X)°C,  in  H;)  to  investigate  in  the  changes  in  the  properties  of  their  surface  and  buried  layers  The  results  of 
RBS/C  and  ASR  pointed  out  that  the  minimum  channelling  yield  of  the  top  silicon  layer  of  SlMNl  decreased  from  lO'?  before 
epilaxv  to  3  4'f  after  epitaxy,  while  no  properties  of  the  SIMNI  structure  either  in  the  remaining  Si  top  layer  or  in  the  buried  layer 
were  changed  during  oxidation  The  SIMOX  structure  without  enough  annealing  would  hctome  damaged  as  a  result  of  baking  in  H2 
at  high  temperature 


I.  Introduction 

Since  1978,  many  stuciie.s  on  SIMOX  (separation  by 
implanted  oxygen)  and  SIMNI  (separation  by  im¬ 
planted  nitrogen)  material  and  SOI  devices  have  been 
reported  [1  -5]  The  process  stability  of  these  two  struc¬ 
tures  IS  not  reported  frequency  We  have  investigated 
the  effects  of  device  processing,  including  oxidation, 
epitaxy  and  treatment  with  different  atmospheres  on 
the  SIMOX  and  SIMNI  structures.  In  this  paper.,  some 
interesting  results  will  be  presented 


2.  Epitaxy 

In  .order  to  overcome  the  effect  of  the  limited  pro¬ 
jected  range  Tie  to  ihe  ion  energy  used  in  the  experi¬ 
ment,.  1  e  ,  to  inci  -ase  the  thickness  of  the  surface  silicon 
layer,  epitaxial  giowth  of  a  covering  Si  layer  was  carried 
out  using  the  reaction  S1CT4  +  2H2- -•  Si  +  4HC1  at 
1200°C  Usually.,  baking  the  wafer  in  FL  for  3-5  min 
was  needed  before  epitaxy  The  results  of  automatic 
spreading  resistance  (ASR)  measurement  before  and 
after  epitaxy  are  shown  in  figs  1  and  2  The  SIMNI  and 
SIMOX  samples  were  formed  by  170  keV  implantation 
with  a  dose  of  1  4  X  lO'**  cm  "*  and  annealed  in  Nj  at 
1200°C  for  2  h.  After  epitaxy  for  SIMNI  sample.s.  the 
thickne.ss  of  the  buried  layer  with  high  resistivity  was 
decreased  from  3400  to  2800  A  The  interface  between 
top  and  buried  layers  became  more  abrupt,  the  transi¬ 
tion  region  was  decreased  remarkably  and  the  electrical 
properties  became  more  uniform  in  the  top  silicon  layer 
than  before  epitaxy.  These  effects  can  be  seen  in  fig  I 
Fig.  2  illustrates  that  the  epitaxy.,  including  the  pre-bak¬ 


ing,  not  only  makes  the  thickne.ss  of  the  high  resistivity 
region  in  SIMOX  increase,  but  also  affects  the  carrier 
concentration  of  the  top  silicon  layer  If  the  SIMOX  is 
annealed  with  a  SiO,  gap.  the  high  resistivity  region  is 
thicker  and  the  carrier  concentration  of  top  silicon  is 
lower  than  for  one  annealed  without  capping 

The  influence  of  epitaxy  on  the  perfectne.ss  of  the 
top  crystal  silicon  layer  of  SIMNI  can  be  seen  in  fig  3 
Before  and  after  epitaxy,-  the  minimum  channelling 
yields  of  the  SIMNI  samples  were  about  10  and  3  4%.- 
respectively.  This  means  that  the  perfectne.ss  of  the  top 
crystal  silicon  layer  of  SlMNl  samples  having  under¬ 
gone  epitaxy  is  improved  significantly 


-0.-+  -U.^  U  U.2  U.4  U.O  U.S 

DEPTH  (urn), 

Fig  1  ASR  results  of  SIMNI  samples  FTicrgy  170  keV,  do.se 
1  4x lO'^cm  *,  annealing  temperature  1200°(',,  in  Nt.  for  2  It. 
Curve  a  as  implanted;  curve  b  after  annealing,  curve  c  after 
epitaxy 
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DEPTH  iAi 

Fig  2  ASR  rc^ults  of  SIMOX  samples.  Energv  170  keV,  dose  1  4x  lO'^cm  %  annealing  temperature  1200°C,  in  N,.  for  2  h  Curve 
a  after  annealing  with  a  3000  A  StO;  cap;  curve  b  after  epitaxy  (annealed  without  SiO,  cap),  curve  c  after  epitaxv  (annealed  with 

3000  A  S1O2  cap) 


3.  Oxidation 

The  oxtdatton  rates  of  the  top  stlicon  layer  of  SIMOX 
and  of  SIMNI  have  been  studted  by  the  pre.sent  authors 
[6]  Values  are  near  the  rate  for  perfect  crystalltne 
stlicon  In  order  to  know  the  carrier  concentration  of 
the  surface  layer  and  the  change  in  the  buried  layer 
after  oxidation,  the  SIMNI  samples  were  oxidized  in  O, 
or  Hi/Oi  at  900-1 180° C.  The  measured  carrier  con¬ 
centration  profiles  are  shown  in  fig.  4  The  carrier 
concentration  of  the  top  silicon,  the  thickness  of  the 
buried  Si,N4  layer  and  the  properties  of  the  interface 
were  not  changed  after  oxidation  when  the  oxidized 
layer  was  3400  A  (fig.  4c)  or  7400  A  (fig.  4d)  thick.  In 


the  ca.se  where  the  advancing  edge  of  the  oxidized  layer 
met  the  buried  layer  (fig  4b).  it  became  thinner  due  to 
oxidation 

Thu.s.  the  electrical  properties  of  the  SIMNI  struc¬ 
ture,  shown  in  fig  4.  were  stable  in  all  cases. 


4.  Baking  in  H  2 

After  SIMNI  and  SIMOX  .samples  were  put  into  an 
epitaxial  deposition  furnace  to  bake  in  a  H2  atmosphere 
for  ten  minutes,  a  few  points  appeared  on  the  surface  of 
the  SIMNI  sampp  (fig  5b).  but  dense  round  patterns 


CHANNEL  CHANNEL 

Fig.  3  RBS/C  results  of  SIMNI  samples  (a)  after  annealing,  (b)  after  epitaxy 
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Fig.  4.  ASR  results  of  oxidation  of  SIMNI  samples.  Curve  a.  before  oxidation;  curve  b.  oxidized  to  the  buried  layer,  curve  c' 

oxidized,  3400  A  SiOj,  curve  d  oxidized,  7400  A  SiO; 


showed  on  the  SIMOX  (fig.  5a).  The  results  of  ASR  for 
SIMNI  (fig.  6a.  b)  were  identical  to  those  for  samples 
having  undergone  epitaxy  (fig.  lb,  c)  The  top  crystal 
silicon  layer  of  SIMOX  had  become  damaged  and 
showed  high  resistivity  (fig.  6d). 


5.  Discussion 

The  interesting  results  presented  tn  this  paper  were 
reproducible  but  a  full  explanation  is  not  yet  available 
The  following  comments  may  be  made. 

(1)  In  general,  to  eliminate  the  oxide  precipitate,  an 
annealing  temperature  of  1300®C  is  needed  for  the 
SIMOX  structure  [3],  Celler  et  al.  have  pointed  out  that 
when  this  temperature  is  raised  to  1405  "C  [7],  the  oxide 
precipitates  can  dissolve  substantially.  Because  of  the 
limit  in  annealing  equipment  in  the  present  case,  it  is 
sure  that  there  must  be  a  high  density  of  oxide  precipi¬ 
tates  and  defects  in  the  surface  silicon  layer  annealed  at 
1200°C  only.  Besides,  hydrogen  is  an  active  element 


Fig.  5.  Optical  microscope  photograph  of  SIMOX  and  SIMNI 
samples  baking  temperature  1200°C,  in  H2,  for  10  min  (a) 
SIMOX,  magnified  350  times,  (b)  SIMNI,  magnified  30  tiroes 


with  a  high  diffusion  coefficient.  When  a  SIMOX  sam¬ 
ple  IS  baking  at  1200°C  in  H2,  hydrogen  atoms  could 
enter  into  the  top  silicon  layer  quickly  and  could  cause 
precipitates  and  dislocations  within  the  top  silicon  layer 
to  migrate  and  spread.  If  the  baking  time  is  long  enough, 
the  whole  crystal  silicon  layer  would  become  damaged 
(see  ASR  results  in  fig  6d)  some  square  form  disloca¬ 
tions  can  be  seen  at  the  surface  of  the  SIMOX  sample 
(8).  If  the  baking  time  is  not  long  enough  (e.g..  for 
epitaxy  3-5  min  were  required  to  raise  the  temperature 


Fig.  6.  ASR  results  of  SIMOX  and  SIMNI  samples  baked  in 
H2  for  10  mm  at  I200°C  Curve  a:  before  baking  (SIMNI). 
curve  b-  after  baking  (SIMNI),  curve  c.  before  baking 
(SIMOX):  curve  d:  after  baking  (SIMOX) 
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in  Hj)  the  oxide  precipitates  and  dislocations  cannot 
spread  up  to  the  surface.  This  means  the  high  resistivity 
region  would  spread  to  some  degree  (fig.  2c).  It  is  clear 
that  the  high  resistivity  region  seen  by  ASR  measure¬ 
ments  IS  not  equivalent  to  buried  Si02  in  this  case,  but 
IS  due  to  the  buried  Si02  layer  (insulator)  and  damaged 
silicon  layer  (absence  of  free  earners).  The  transition  of 
the  top  silicon  layer  from  crystal  to  damaged  state  starts 
from  the  front  interface  of  the  SIMOX  structure. 

(2)  If  the  SIMOX  sample  was  annealed  without  a 
SiOi  cap  as  a  shield,  a  compact  buried  SiO,  layer  was 
formed  in  which  the  density  of  implanted  oxygen 
reached  the  .stoichiometry  of  Si02.  The  implanted 
oxygen  would  diffuse  out  of  this  region  mostly  during 
annealing.  The  thickness  of  the  buried  layer  was  thus 
less,  the  density  of  oxide  precipitate  was  lower,  and  the 
concentration  of  free  earners  was  higher  (fig.  2b).  If  the 
sample  was  annealed  with  a  Si02  cap,  the  most  oxygen 
atoms  from  the  stoichiometric  region  would  remain  at 
the  top  layer.  An  oxide  layer  enriched  in  silicon  would 
be  formed  at  the  region  nearby  the  buried  SiO;.  Other 
oxygen  atoms  in  the  top  layer  would  form  some  pre¬ 
cipitates.  Then,  the  concentration  of  free  carriers  would 
be  decreased  and  the  transition  region  would  spread 
Therefore,  the  thickness  of  the  high  resistivity  layer  of 
fig.  2d  IS  larger  than  that  in  fig.  2b.  At  high  tempera-, 
tures  in  a  hydrogen  atmosphere,  the  enrtched  siltcon 
oxide  layer  would  be  dissolved  by  hydrogen,  and  the 
bottom  o'  the  top  silicon  layer  would  be  damaged 
quickly  Finally,  the  high  resistivity  layer  was  spread  out 
from  one  of  fig.  2a  to  one  of  fig  2c  (from  ASR 
measurements  after  epitaxy).  RBS  analysis  indicated 
that  the  high  resistivity  region  was  partly  removed  and 
the  oxygen  density  of  the  top  silicon  layer  was  increased 
after  baking  for  a  longer  time  in  H,  [8] 

(3)  After  epitaxy  of  the  SIMNl,  the  thickness  of  the 
buried  layer  and  transition  region  were  reduced.  This 
may  be  explained  by  the  role  of  hydrogen.  In  order  to 
get  a  uniform  epitaxial  layer,,  a  period  of  3-5  mm  was 
taken  to  raise  the  temperature  of  the  wafer  to  1 200  °  C 
in  H,  before  epitaxy.  During  this  time,  hydrogen  atoms 
could  enter  into  surface  layer  and  up  to  the  transition 
region,  to  combine  with  the  dangling  bonds  of  .silicon 
The  carrier  concentration  would  be  greatly  increased 
and  the  high  resistivity  region  reduced  after  epitaxy 
Ba.sed  on  such  a  mechanism,  the  front  interface  would 
be  abrupt  and  the  buried  layer  reduced  (figs.  Ic  and 
6b) 

Because  the  annealing  condition  (1200  °C,.  2  h,  in 
Nj)  IS  enough  to  form  a  SIMNI  .structure  of  good 
quality  [5],  there  are  few  defects  within  the  top  crystal 
sliico.l  layer.  The  density  of  defects  driven  to  the  surface 
by  hydrogen  in  SIMNl  is  lower  than  that  for  SIMOX 
on  baking. 


(4)  With  a  surface  crystal  silicon  layer  of  high  qual¬ 
ity  the  epitaxial  layer  on  SIMNl  has  a  quite  low  chan¬ 
nelling  yield  (fig.  3).  We  imagine  there  might  also  be  an 
inward  epitaxy,  which  proceeds  as  a  result  of  the  par¬ 
ticipation  of  hydrogen  and  has  the  benefit  of  improving 
crystal  perfectness.  This  occurred  while  the  outward 
epitaxial  growth  was  proceeding.  The  effect  certainly 
reduces  the  channelling  yield. 


6.  Conclusion 

The  oxidation  of  the  top  crystal  silicon  layer  in  O2  or 
H2/O2  at  1 1 80  °C..  basically  does  not  affect  the  electri¬ 
cal  properties  of  the  surviving  top  crystal  silicon  layer., 
the  buried  layer  and  the  interface  for  a  SIMNl  struc¬ 
ture.  Based  on  these  results  and  a  previous  study  on 
oxidation  of  SIMOX  [6],  it  could  be  seen  that  SIMNI 
and  SIMOX  structures  have  a  good  process  stability  for 
SOI  device  fabrication  at  900- 11 80  "C.  Baking  for  a 
shorter  period  in  H,  at  i200°C  has  no  effeet  on 
SIMNI  layers,  evidently,  but  it  could  cause  the  defects 
to  spread  outward  and  a  thickening  of  the  layer  with 
high  resistivity  for  SIMOX,  If  this  baking  were  pro¬ 
longed  to  ten  minutes,  the  whole  top  c-Si  layer  became 
damaged.  The  rca.son  might  be  the  migrating  and 
spreading  of  the  remaining  oxide  precipitates  and  de¬ 
fects.  Finally,,  good  surface  la.yers  with  lower  channell¬ 
ing  yields  and  uniform  electrical  properties  could  be 
achieved  for  a  SIMNl  structure  annealed  enough,  and 
undergoing  epitaxy.  The  hydrogen  atmosphere  could 
improve  crystal  perfection  even  at  1000"'  C  [8] 
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linestigations  were  conducted  on  implanting  oxygen  at  doses  much  smaller  than  the  stoichiometric  dose  into  a  heated  silicon 
substrate  Interstitial  radiation  defects,  which  he  at  depths  exceeding  the  ion  projected  range,  are  shown  to  getter  the  oxygen  An 
additional  photoionization  during  implantation  increases  the  mobility  of  point  defect.s  m  the  Si  surface  layer.,  thus  enhancing 
diffusion  of  some  oxygen  atoms  to  the  surface.  Subsequent  oxygen  outdiffusion  during  a  post-implanlation  heat  treatment  accelerates 
the  annealing  of  radiation  defects  and  facilitates  the  formation  of  SiO,  phase  precipitates  The  VO  and  VO,  complexes  were  detected 
in  samples  subjected  to  implantation  at  300  °C. 


1.  Introdlirtion 

It  has  been  established  (1|  that  radiation  defects  play 
a  decisive  part  in  heterogeneou.s  formation  of  dielectric' 
phase  nuclei  in  silicon  when  substoichiometric  dsxses  of 
ion  synthesis  are  employed.  In  turn,  an  additional  pho- 
toexcitation  during  ion  implantation  influences 
markedly  the  defect  formation  in  the  irradiated  silicon 
[2.3]  Heating  of  the  substrate  during  implantation 
accelerates  the  defects-impunty  reaction  Beside.s.  such 
heating  makes  it  possible  to  exclude  amorphization  of 
silicon  surface  layers  when  structures  with  new  phase 
buried  layers  are  produced. 

The  aim  of  the  present  paper  is  to  study  how 
thermo-ionizution  excitation  affects  the  initial  stage  of 
the  ion  synthesis  of  silicon  dioxide,  when  radiation 
defects  play  a  major  part  in  the  phase  formation. 

Oxygen  ions  were  implanted  into  n-type  silicon.  4.5 
f2  cm,  orientation  (100).  The  energy  of  the  tons  was  150 
keV,  and  the  do.se  1  7  x  10''’  lons/cm’  The  ion  current 
density  did  not  exceed  0  5  )iA/cm‘.  The  substrate  tem¬ 
perature  during  implantation  for  the  two  groups  of 
samples  was  300 °C  and  500  °C,  respectively,  and  was 
monitored  by  a  thermocouple  The  faces  of  some  sam¬ 
ples  from  both  groups  were  irradiated  during  implanta¬ 
tion  by  a  high-pressure  mercury  lamp  with  a  power 
densitv  of  60  mW/cm'  Control  .samples  ’..crc' .subjected 
to  implantation  without  additional  photoexcitation. 
After  implantation,  a  part  of  each  sample  was  annealed 
at  1000°C  for  5  min  The  lon-doped  layers  were  in- 
ve  jated  by  IR  spectrometry.  SIMS  and  TEM  meth¬ 
ods. 


2.  Basic  results  and  discussion 

Fig  1  demonstrates  that  the  concentration  profiles 
for  oxygen  atoms  are  anomalously  deep  (with  a  peak  at 
a  depth  of  approximately  0.5  gm)  while  the  projected 
range  (R^)  for  oxygen  ions  at  an  energy  of  150  keV  is 
0  36  gm  |4j  A  comparison  of  SIMS  and  TEM  data 
(figs.  1  and  2)  indicates  that  the  concentration  profile  of 
oxygen  atoms  in  silicon  is  governed  by  the  distribution 
of  interstitial  radiation  defect.'  Such  behaviour  of 
oxygen  is  consistent  with  the  folk  mg  available  data 

(1)  interstitial  radiation  defects  arc  observed  at  depths 
exceeding  [5]; 

(2)  implantation  into  a  heated  substrate  leads  to  the 
formation  of  thermostable  interstitial  defects  whose 
size  increases  and  density  decrea.ses  with  implanta¬ 
tion  temperature  [6],  and 

(3)  interstitial  radiation  defects  are  an  effective  sink  for 
.some  reactive  impurities  including  oxygen  [7]. 

IR  transmission  spectra  of  the  oxygen-implanted 
samples  (fig  3)  are  rather  complex  which  probably 
indicates  that  there  can  be  a  large  number  of  states  in 
which  oxygen  exists  in  the  system  supersaturated  by 
interstitial  radiation  defects.  Proceeding  from  the  shape 
of  the  spectrum,  it  can  be  concluded  that  it  corresponds 
lO  quartz  inclusions  in  a  highly  imperfect  silicon  matrix 
[8]. 

Fig  3a  demonstrates  that  oxygen  ion  implantation  at 
leads  to  the  formation  of  a  defect  layer  clo.sely 
resembling  an  amorphous  one.  Besides,  the  .spectra  in 
fig.  4  exhibit  ab.sorption  lines  indicating  the  presence  of 
VO  and  VO,  complexes  in  the  layer  [7).  The  increase  in 


0168-583X/91/$03  50  1991  -  Elsevier  Science  Publis''ers  B.V  (North-Holland) 


752 


A.l.  Belogorokhov  et  al  /  New  phase  formation  hy  O  * -implantation  into  Si 


Fig  3  IR  transmittion  spectra  of  samples  subjected  to  implan¬ 
tation  b>  oxygen  (the  notation  is  the  same  as  in  fig  1) 


oxygen  and  annealing  (the  notation  is  the  same  as  in  fig  1) 


the  implantation  temperature  to  5(X)°C,  as  well  as  the 
additional  photoexcitation,  enhances  the  optical  activity 
of  the  implanted  oxygen  (fig.  3b  and  c).  At  the  same 
time,  the  spectrum  itself  changes  which  points  to  the 
fact  that  some  ordering  takes  place  in  the  radiation 
defect  system.  The  concentration  profiles  of  oxygen 
atoms  also  change  (see  fig.  1).  The  additional  photoexci¬ 
tation  for  the  500  "C  implantation  drastically  reduces 
optical  activity  of  the  implanted  oxygen.  This  reduction 
in  optical  activity  can  only  be  attributed  to  the  emer¬ 


gence  of  dislocation-type  defects  and  the  precipitation 
of  a  sizeable  part  of  the  implanted  oxygen  on  them  [9]. 
Another  feature  of  implantation  under  additional  pho¬ 
toexcitation  is  a  significant  enrichment  of  the  silicon 
surface  layer  in  oxygen  (see  fig.  1).  The  oxygen  atom 
distribution  in  the  surface  layer  suggests  that  in  this 
layer  point  defects  exist  due  to  the  thermo-enhanced 
diffusion  of  oxygen  atoms  to  the  surface.  The  annealing 
of  the  samples  subjected  to  implantation  at  300  °C 


Fig.  4.  IR  transmittion  spectra  of  samples  subjected  to  implantation  at  (a)  300  °  C  and  (b)  500  °  C. 
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Fig  6  A  TFM  photomicrograph  of  a  sample  subjected  to 
implantation  at  a  substrate  temperature  of  500°  with  ad¬ 
ditional  photoexcitation 


without  additional  photoexcitation  does  not  noticeably 
affect  the  optical  activity  of  the  oxygen  (fig.  5a).  This 
can  be  attributed  to  a  high  density  of  radiation  defects 
in  the  layer.  The  emergence  of  two  charactenstic  lines  in 
the  absorption  spectrum  is  caused  by  significant  struct¬ 
ural  ordering.  The  1128  cm''  absorption  line  is  due  to 
o.xygen  dis.solved  in  silicon  (lOJ.  As  regards  the  1136 
cm  ' '  line,  there  are  two  explanations.  The  first  [lOJ  also 
ascnbes  the  line  to  the  interstitial  oxygen  forming  two 
bonds  with  neighbouring  silicon  atoms  The  second  [11] 
attributes  thi.s  line  to  SiO^  phase  precipitates.  The  an¬ 
nealing  of  the  samples  subjected  to  implantation  at 
500  °C  does  not  influence  significantly  the  IR  transmis¬ 
sion  spectra  (fig  5c),  which  indicates  a  high  thermal 
stability  of  interstitial  defect  system  supersaturated  by 
oxygen  The  additional  photoexcitation  of  the  substrate 
surface  during  implantation  considerably  increases  the 
structuial  perfection  of  the  lon-doped  layer,  with  both 
lines,  1128  cm“'  and  1136  cm' clearly  observed  (fig. 
5d).  At  an  implantation  temperature  of  50C'’C,;  the 
1136  cm"'  line  dominates.  Electron  microscopy  data 
(fig.  6)  indicate  that  this  line  is  due  to  Si02  precipitates. 


Thus,  the  main  result  of  the  additional  photoexcita¬ 
tion  is  an  enhanced  reactivity  of  the  implanted  oxygen 
This  effect  is  evidently  connected  with  a  general  de¬ 
crease  in  the  thermal  stability  of  the  system  of  intersti¬ 
tial  radiation  defects,  which  is  due  to  the  outdiffusion  of 
some  of  the  implanted  oxygen  The  oxygen  outdiffusion 
during  annealing  is,  in  turn,  a  result  of  a  photoexcita- 
tion-enhanced  radiation-stimulated  diffusion  of  oxygen 
atoms  to  the  surface  in  the  process  of  implantation. 
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SOI  (silicon  on  insulator)  samples  were  produced  by  large  dose  (1  8-2.5  x  10"*/cm')  oxygen  ion  implantation  into  n-  and  p-type 
(100)  silicon  wafers  at  an  energy  of  360-400  keV,  after  different  annealing  methods  The  SOI  structures  were  measured  by  IR 
(infrared)  absorption  spectroscopy  and  Hall-effect  measurements  After  high  temperature  annealing  (1300°C,,.  30  rmn-8  h).  we 
obtain  excellent  quality  SOI  films,  both  the  top  crystal  silicon  and  the  buried  SiO,  layer  Aftei  a  long-time  anneal  (at  1.300°C),  the 
carrier  concentration  (electrons)  becomes  lower  and  the  Hall  mobility  is  higher  at  120-300  K  in  the  top  silicon 


1.  Introduction 

Ion  beam  synthesis  has  been  used  to  form  high 
quality  SOI  films  for  applications  to  small  geometry 
and  radiation-resistant  MOS  integrated  circuits  Proper¬ 
ties  of  SOI  wafers  formed  by  different  procedures  have 
been  reported  in  some  papers  mostly  by  RBS  (Ruther¬ 
ford  backscattering  spectroscopy),  TEM  (transmission 
electron  microscopy)  and  SIMS  (secondary  ion  ma.ss 
spectrometry)  techniques  [1-5],  We  evaluated  some  SOI 
films  by  RBS,  SR  (.spreading  resistance)  and  IR  absorp¬ 
tion  spectroscopy  [6],  In  this  paper,  we  present  (a)  a 
new  method  to  measure  the  thickness  of  the  buried  SiO^ 
layer  in  SOI  samples  with  the  SiO;  mask  patterns  on 
the  top  silicon  surface  by  the  IR  absorption  spec-- 
troscopy,.  and  (b)  the  electrical  properties  of  the  top 
silicon  layer  in  SOI  wafers  by  Hall-effect  nieasuremer's 
The  influence  of  tiie  implantation  oxygen-related  donors 
on  the  carrier  concentration  and  Hall  mobility  will  be 
discussed. 

2.  Experimental  sample  preparation 

2  1.  I R  measurement  samples 

For  the  substrate  silicon  we  used;  p-type  Si(lOO), 
15.9-23.0  fi-cm,  implanted  at  400  keV  with  1.8  X  lO'* 


O  cm*.  This  sample  was  cut  into  two  pieces.  UK  1  and 
UK  2,  UK  1  was  annealed  at  ]300®C  for  30  min  by 
infrared  anneal  equipment  in  a  N,  atmosphere. 

2.2  Hall-effect  measuremci’t  samples 

N-type  Si(lOO),  4-8  S2-cm  was  used  as  the  substrate 
wafer,,  implanted  ai  360  keV  with  2.,5  X  10"*O“^/cm^  at 
a  substrate  temperature  of  500  °  C.  Then  the  wafer  was 
cut  inio  a  few  squares  (6x6  mm^).  Samples  10-2H. 
10-4H.  10-6H  and  10-8H  were  annealed  in  a  furnace  at 
1300°C  for  2.  4.  6  and  8  h.  respectively,  in  N2  atmo¬ 
sphere  The  four  angle  areas  of  samples  were  implanted 
by  phosphorous  at  60  keV  with  5  x  lO'^/cm’,.  then 
annealed  at  1000°C  for  10  s  by  a  lamp  rapid  anneal 
equipment  in  a  Nj  atmosphere  Good  ohmic'  contacts 
were  formed  at  the  angle  ends  for  Hall-effect  measure¬ 
ments. 


3.  Results  and  discussion 

3.J.  IR  absorption  spectroscopy 

Fig  1  IS  a  part  of  the  photograph  in  samples  UKl 
and  UK  2.  Some  parts  of  the  Si02  mask  patterns  were 
broken  and  sputtered  away  after  the  oxygen  implanta¬ 
tion  The  ma.sk  pattern  area  is  0.373  of  the  total  area 
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Fig  1.  Part  of  a  photograph  of  SOI  samples  UK  I  and  UK  2 
with  SiO,  mask  patterns.  The  mask  pattern  area  and  the 
implantation  area  are  0.373  and  0.637  of  the  total  area,  respec¬ 
tively  The  thickness  of  the  SiO,  mask  layer  is  11026  K. 


and  the  implantation  area  is  0,637  of  the  total  area  on 
the  samples  UK  1  and  UK  2. 

Fig,  2  shows  the  IR  spectra  from  the  samples  UK  1 
and  UK  2,  There  are  three  major  peaks  in  the  IR 
spectra.  The  first  peak  Pj  {1069-1090  cm-')  is  the 
well-known  Si-O  stretching  vibration  mode,  the  second 
P2  (810-81 1  cm"')  Si-Si  stretching  vibration  mode  and 
the  third  Pj  (457-461  cm"')  Si-O-Si  bending  vibration 
mode  [6],  After  high  temperature  annealing,  the  peaks 
P,  and  P3  moved  to  higher  wavenumbers  and  became 
larger  in  the  absorbance.  This  means  that  the  thermal 
energy  caused  oxygen  rearrangement  and  structural 
changes  in  the  SiOj  network. 


The  infrared  transmission  minima  in  S1O2  films  obey 
the  Lambert-Bouguer  law: 

/I  =log(;o//)  =  0  434ar,  (1) 

where  A  is  the  absorbance  at  the  minimum,  4  and  / 
the  incident  and  transmitted  intensities,  respectively,  « 
the  absorption  coefficient,  and  t  the  sample  thickness 
This  property  will  be  utilized  as  a  nondestructive  method 
of  determining  the  thickness  of  buried  S1O2  layers  in 
SOI  wafers  by  IR  absorption  spectroscopy.  In  our  case, 
the  ab.sorbance  A  is  composed  of  0.373  A^  and  0.627  A^.- 
where  Aq  is  the  absorbance  of  the  mask  CVD  Si02,- 
with  thickness  11026  A,  /f,  is  the  absorbance  of  the 
buried  Si02  layer  with  the  thickness  r,. 

/I  =0.373/l(,-l- (1  -0.373)/!,,.  (2) 

/lo  =  0.434a/o,.  (3) 

/I,  =0.434ar,.,  (4) 

Before  and  after  high  temperature  annealing,  the  ab¬ 

sorption  coefficients  of  the  ma,sk  CVD  S1O2  are  2  56  X 
lOVcm  and  3.20  X  10'’/cm.  and  the  coefficients  of 
buried  Si02  are  2.39  X  lOVcrn  and  3  10  X  10'* /cm.  re¬ 
spectively,,  which  were  reported  in  our  earlier  work  [6] 
We  can  obtain  the  absorbance  A  from  expenments  in 
fig.  2,  sc  the  buried  SiO,  thicknesses  r,  were  calculated 


CS} 


MIO  1290  1)70  1051)  950  81U  690  570  450  320 

Wavenumber  ( cm  ' ) 

Fig.  2  IR  spectra  of  the  sample.s  UK  1  and  UK  2  with  S1O2 
ma.sk  patterns,  thickness  11026  A,  implanted  at  4(X)  keV  with 
l.SXlO'Vcm^.  UK  2,  as  implanted,  UK  1,-  annealed  in  an 
infrared  furnace  at  1300°C  for  30  min. 
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Table  1 

The  thickness  of  buried  SiOj  before  and  after  anneal 


Sample 

no 

Energy 

[keV] 

Dose 

[0  Vernal 

Annealing 

A 

^0 

/•i 

'1 

lAl 

UK  2 

400 

1.8  X 10'“ 

none 

0.7324 

1  225 

C.4394 

4235 

UK  1 

400 

1.8x10'* 

1300°C.. 

0.9443 

1.4834 

0.6236 

4635 

30  mm 

from  eqs  (2),  (3)  and  (4),  which  are  given  in  table  1.  We 
can  get  the  theoretical  thickness  of  the  buried  SiO,; 


dose 

~N~ 


1,8  X  10*^0  Vcm^ 
4.37  O  Vcm^ 


=  4119  A. 


This  is  a  good  agreement  with  our  experimental  results. 
After  high  temperature  annealing,  the  thickness  of  the 
buned  S1O2  layer  became  larger  than  that  before  an¬ 
nealing  This  indicates  that  the  implanted  oxygen  has 
the  tendency  to  move  towards  the  buried  layer  and  form 
the  SiO,  layer  during  the  high  temperature  anneal. 


3,2.  Hall -effect  measurement  results 


The  Van  der  Pauw  method  was  used  to  measure  the 
Hall-effect  in  the  temperature  range  77-300  K.  The 
thickness  of  lop  silicon  layer  in  samples  10-2H-10-8H 
was  measured  by  SR  measurements. 

.  ig.  3  illustrates  Hall  mobility  variation  with  the 
tei.iperature.  The  Hall  mobility  decreased  with  increas¬ 
ing  temperature  (77-300  K)  as  shown  m  table  2. 

I  he  higher  value  of  Hall  mobility  in  sample  10-8H  is 
due  to  the  SOI  film  after  the  long  time,  high  tempera¬ 
ture  anneal  (1300°C,  8  h),  and  the  top  silicon  becoming 
a  better  quality.  Above  130  K  the  mobility  depen¬ 
dences-  Hu  -  ill  sample  10-8H  and  ~ 

in  sample  10-2H  are  close  to  the  theoretical  expectation. 
Hu  ~  T' '  ^  This  indicates  the  dominant  scattenng  to  be 
the  acoustic  phonon  scattering. 

Fig  4  is  the  electron  carrier  concentration  as  a 
function  of  the  reciprocal  temperature  in  samples  10-2H 
and  10-8H.  The  carrier  concentration  increases  with  the 
increase  of  temperature.  The  carrier  concentration  is 
4.6  X  lO'^-S  0  X  10' Vcm’  at  77-300  K  in  sample  10-2H 
and  4.5  X  lO'''-!  8  x  lO'Vcm’  at  77-300  K  in  sample 


Temperature  (K) 


Fig,  3.  Hall  mobility  vs  lemperature  for  the  top  silicon  in  SOI 
samples  10-2H  and  10-8H,  implanted  at  360  keV  with  2.5  x  lO’" 
OVcfn^'  annealed  at  1300°C  for  2  and  8  h,  respectively. 


10-8H,  The  average  carrier  concentration  is  much  higher 
than  that  in  the  substrate  Si:  ~  lO'Vcm^-  This  means 
that  a  new  donor  with  high  concentration  was  formed  in 


Table  2 

Hall  mobility  vs  temperature 


Sample 

H  [cmVv  s] 

r  =  77  K 

r  =  100K 

r=150K 

7’=  200  K 

r=250  K 

7'=300K 

10-2H 

8960 

5991 

3064 

1354 

848 

543 

10-8H 

10103 

6185 

3369 

1851 

1245 

876 

Carrier  concentration  (cnrJ  ) 
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1  3  5  7  9  11  13 

1000/ T  (K-') 

Fig.  4  Carrier  concentration  (electron)  as  a  function  of  re¬ 
ciprocal  temperature  for  samples  10-2H  and  10-8H. 

the  top  silicon  layer  of  SOI  sample.s.  But  after  a  long 
time,  high  temperature  anneal,  the  number  of  im- 
planted-oxygen  related  uonors  decreased,  so  the  elec¬ 
tron  concentration  in  sample  10-8H  is  lower  than  that 
in  sample  10-2H 


4.  Conclusion 

(1)  A  new  method  to  determine  the  thicKiiess  of  a 
buried  SiO;  layer  in  SOI  samples  with  SiO;  mask 


patterns,  before  and  after  oxygen  implantation,  by  IR 
absorption  spectroscopy  has  been  reported.  The  experi¬ 
mental  result  is  in  good  agreement  with  the  theoretical 
result. 

(2)  The  Van  der  Pauw  technique  was  used  to  analyze 
the  electneal  properties  of  the  top  silicon  layers  in  SOI 
samples.  After  the  long  time,  high  temperature  anneal, 
the  Hall  tnobihty  becomes  higher  and  the  electron  car¬ 
rier  concentration  is  lowei  in  sample  10-8H,  because  of 
the  decrease  of  the  implanted  oxygen  (new  donor)  in  the 
top  silicon  layer. 
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Radiation  damage  in  C54-TiSi;  film  implanted  by  80  keV,  5xl0'^  cm  ‘As*  has  been  studied  by  both  cross-sectional  and 
plansiew  transmission  electron  microscopy  as  well  as  by  four-point  probe  resistivity  measurements  Phase  reversion  from  C54-TiSi2 
to  C'49-TiSi  .  was  observed  in  as-implanted  samples  The  electrical  resistivity  of  implanted  samples  was  found  to  decrease  with 
annealing  temperature  and  time  Phase  transition  from  C49-TiSi:.  to  C54-TiSi2  and  decrease  in  the  density  of  residual  defects  were 
found  to  correlate  with  the  decrease  in  electrical  resistivity 


1.  Introduction 

Ion  implantation  has  become  a  standard  technique 
to;  dope  silicon  for  micro-electronics  applications.  The 
ability  to  anneal  implantation  damage  and  activate  the 
dopants  is  crucial  to  the  successful  utilization  of  the 
technique  [1].  It  has  been  reported  that  residual  defects 
would  cause  excess  leakage  current.  The  performances 
of  devices  are  very  sensitive  to  the  residual  defects  in 
the  active  layer  The  redistribution  of  dopants  after 
annealing  is  also  of  major  concern  in  device  applica¬ 
tions  For  VLSI  circuits  with  a  feature  size  below  one 
micron,  a  concomitant  scaling  of  device  geometries  in 
both  vertical  and  lateral  dimensions  is  required.  The 
reduction  in  /ertical  direction  imposes  a  shallow  junc¬ 
tion  limit  in  dep'.h  to  about  0.1  pm  or  less  [2j. 

In  order  to  form  a  shallow  junction  and.  at  the  same 
time,  minimize  the  damage  in  silicon,  an  alternative 
approach  to  form  sihcide  prior  to  junction  formation 
has  been  adopted  The  process  involves  the  implanta¬ 
tion  of  dopant  into  the  sihcide  layer  followed  by  anneal¬ 
ing  to  drive  the  dopant  species  into  the  silicon  substrate 
[3-5]  It  was  suggested  that  an  additional  advantage  of 
the  process  is  to  reduce  the  probability  of  short-circuit¬ 
ing  the  junction  due  to  the  roughness  of  the  sihcide. 
since  the  diffusion  front  precedes  the  silicide/St  inter¬ 
face  by  a  nearly  constant  distance.  Subsequent  studies 
showed  that  the  process  is  a  promising  one  for  .shallow 
junction  formation  in  VLSI  circuits  subjected  to  the 
limitation  imposed  by  a  number  of  factors  such  as  the 
solubility  and  diffusivity  of  various  dopants  in  silicides 
and  compound  formation. 

One  of  the  problems  that  may  be  encountered  in  the 
implantation  of  dopants  into  silicide  is  the  radiation 
damage  of  the  silicides.  Radiation  damage  in  ‘tlicide 
may  result  in  considerable  changes  in  the  proper,  les  of 
silicides.  Radiation  damage  in  Si.  GaAs,  and  a  large 
number  of  metals  and  alloys  have  been  extensively 
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studied  [1],  However.,  relatively  little  attention  was  paid 
to  the  study  of  radiation  damage  in  silicides.  In  the 
paper,  we  report  the  results  of  a  structural  and  electrical 
investigation  of  radiation  damage  in  a  C54-TiSi2  layer 
We  note  that  C54-TiSu  is  a  primary  candidate  material 
for  .self-aligned  silicidaiion  in  submicron  devices. 


2.  Experimental  procedures 

Single-crystal,  boron-doped.  10-20  cm  resistivity, 
4  in.  diameter.,  (lll)-oriented  silicon  wafers  were  used 
in  this  study  The  wafers  were  first  cleaned  chemically 
by  a  .standard  procedure  followed  by  a  diluted  HF  dip 
immediately  prior  to  loading  into  an  electron  gun 
evaporation  chamber.  Thin  Ti  films.  40  nm  in  thickness, 
were  evaporated  by  electron  beam  evaporation  A  30 
nm  thick  amorphous  silicon  capping  layer  was  then 
deposited  on  Ti  thin  films  to  protect  the  films  from 
oxidation  during  the  subsequent  heat  treatments  The 
deposition  rate  was  kept  to  he  about  01  nm/s  The 
silicidation  was  conducted  in  a  flowing-nitrogen  diffu- 
.sion  furnace  at  800  °C  for  120  s  or  1  h  The  cleaned 
wafers  with  a  sihcide  layer  were  implanted  by  80  keV 
As*  to  a  dose  5  X  10'“’  cm  '  The  ion  beam  current 
density  was  controlled  to  be  less  than  10  gA/cni^.  The 


Fig.  1  Bright  field  (BE)  micrograph  of  a  cro.ss-seclional  sample 
.showing  a  TiSi.  layer  on  silicon, 
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Fig.  2.  Overlapping  diffraction  pattern  and  direct  image  show¬ 
ing  the  (200)  habit  plane  of  polytypes. 


wafers  were  water-coo'ed  during  implantation  to  mint- 
mize  the  self  annealing  effect.  The  normals  of  specimens 
were  tilted  7°  off  the  incident  ion  beam  direction  to 
alleviate  the  channeling  effect.  The  choice  of  the  ton 
energy  was  based  on  the  consideration  to  create  a 
defected  surface  layer  and,  at  the  same  time,  not  to 
allow  the  dopants  to  penetrate  through  the  silicide 
layer  The  projected  ion  range  and  straggling  in  the 
TiSii  film  were  calculated  to  be  about  36  9  and  14,5 
nm,  respectively  [6], 

For  diffusion  furnace  annealing,  high  purity  N,  gas 
was  first  passed  through  a  titanium  getter  tube  main¬ 
tained  at  about  800  °C  to  reduce  the  oxygen  content 
The  samples  weie  annealed  at  400-1000®C.  The  an¬ 
nealing  time  at  each  temperature  was  either  20  s  or  1  h 
\  four-point  probe  was  used  to  measure  the  sheet 
resistance.  A  Rigaku  X-ray  diffractometer  and  a  JEOL- 
200  CX  transmi.s.sion  electron  microscope  (TEM)  were 
used  to  to  detect  the  phase  formed  and  characterize  the 
microstructures. 


3.  Results  and  discussion 

C54-TiSi2  was  found  to  be  the  only  phase  present  in 
samples  annealed  at  800  °C  The  average  grain  ‘izes  of 


Temperature  ( °C ) 

Fig.  4.  Resistivity  vs  annealing  temperature  data. 


C54-TiSi2  were  measured  to  be  1  and  2  pm  for  samples 
annealed  for  20  s  and  1  h,  respectively.  An  example  is 
shown  in  fig.  1.  The  resistivity  of  the  TiSh  layer  was 
about  14  pS2  cm  for  both  sets  of  samples  Polytypes 
were  observed  in  the  silicide  layers.  The  habit  plane  of 
ibe  polytypes  was  identified  to  be  (002).  An  example  is 
shown  in  fig  2. 

No  amorphous  layer  was  formed  as  inferred  from 
TEM  observation  A  two-layer  structure  was  evident  in 
the  TiSii  thin  film.  The  upper  layer  was  identified  to  be 
C49-TiSi;.  Examples  are  shown  in  fig.  3.  The  lower 
layer  remained  to  be  C54-TiSi2.  However,,  a  high  den¬ 
sity  of  polytypes  was  found  to  extend  upward  from  the 
layer.  C49-TiSi;  was  also  evident  in  planview  samples 
Heavily  damaged  regions  were  observed. 

For  as-implanted  .samples,  the  re.sistivity  was  in¬ 
creased  to  115  pfi  cm  Fig.  4  shows  the  resistivity  versus 
annealing  temperature  data  The  resistivity  was  gener¬ 
ally  found  to  decrease  with  annealing  temperature.  In 
.samples  annealed  at  500-700  °C,  prolonged  annealing 
was  found  to  lower  the  resistivity  considerably.  The 
electrical  conductivity  was  found  to  be  fully  recovered 
m  samples  annealed  at  800  °C  for  1  h.  For  20  s  anneal¬ 
ing.  higher  temperature  (900  °C)  annealing  was  required 
for  the  resistivity  to  decrease  to  14  pS2  cm,  the  resistivity 
value  of  the  unimplanted  silicide. 

After  400  °C  annealing  for  1  h,  the  lower  C54-TiSi2 
layer  was  found  to  grow  into  the  upper  damaged  layer 


Fig  3  (a)  Bright  field  (BF)  micrograph  of  as-implanted  sample  (b)  Dark  field  (DF)  micrograph.  The  bright  region  corresponds  to 

C49TiSi2 
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The  interface  between  C54  and  C49  grains  appeared  to 
be  very  uneven  in  cross-sectional  (c-s)  micrographs. 
Examples  are  shown  in  fig.  5.  After  annealing  al  500 °C,. 
the  two-layer  structure  remained.  C49-TiSi2  was  also 
found  in  the  upper  layer.  The  density  of  defect  clusters 
was  found  to  decrease  with  annealing  time 

In  the  sample  annealed  at  600  °C  for  20  s.  C54-TiSi; 
w'as  found  to  grow  into  the  upper  layer  from  the  lower 
layer  Examples  are  shown  in  fig.  6.  The  C49-TiSi2  was 
also  seen  in  the  film.  From  the  planview  observation, 
the  highly  damaged  region  was  identified  to  be  of 
C49-TiSi2  structure.  On  the  other  hand,  the  regrown 
C54-TiSi;  region  was  found  to  be  relatively  low  in 
density  of  damage  clusters.  The  C49  to  C54  transforma¬ 
tion  in  damaged  regions  was  evident  after  annealing  for 


•m 


0.2  lan 

a  I  1 


1  h.  The  areal  fraction  of  regrown  C54-TiSi2  region  was 
found  to  increase  with  annealing  time  from  planview 
observation.  Polytypes  were  found  to  form  in  the  re¬ 
grown  layer.  Similar  to  those  found  in  the  unimplanted 
samples,  the  habit  plane  was  identified  to  be  (002).  For 
damaged  regions  not  involving  the  formation  of  C49 
grains,  no  polytypes  were  observed  in  the  regrown  layer. 
Instead,  dislocations  and  moire  fringes  were  found. 

After  annealing  at  700 °C  for  20  s.  the  two-layer 
structure  was  still  evident.  The  heavily  damaged  region 
was  found  to  correspond  to  C49-TiSi2  The  areal  frac¬ 
tions  of  C54-TiSi2  regions  which  exhibited  little  damage 
were  found  to  be  higher  than  those  in  600  °C  annealed 
samples.  After  1  h  annealing,  the  density  of  dislocations 
was  found  to  be  lowered  considerably.  The  Burgers 


Fig  6  Cro.ss-sectional  micrographs,  600 ‘’C,  20  s.  (a)  Bright  field,  (b)  dark  field.  The  blight  region  corresponds  to  C54-TiSi2 
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Fig.  7.  Cross-sectional  micrographs.  800 °C,  20  s.  (a)  Bright  field,  (b)  dark  field.  The  bright  region  corresponds  to  C49-TiSi2. 


vectors  of  the  dislocations  were  identified  to  be  along 
(111)  of  the  C54  structure.  The  two-layer  structure  was 
no  longer  evident. 

In  samples  annealed  at  800°  C  for  20  s,  the  two-layer 
structure  was  less  obvious  than  those  in  samples  an¬ 
nealed  at  lower  temperature.  Examples  are  shown  in  fig. 
7  However,  a  heavily  damaged  region  was  still  evident 
in  the  planview  micrograph.  The  region  was  identified 
to  be  of  C49  structure.  The  areal  fraction  of  the  C54- 
TiSij  phase  was  measured  to  be  more  than  90%.  After  1 
h  annealing,  only  the  C54-TiSi2  phase  remained.  How¬ 
ever,.  polytypes  were  still  present.  The  density  of  dislo¬ 
cations  was  also  found  to  be  lower  than  that  in  20  s 
annealed  samples. 

After  annealing  at  900°  C  for  20  s,  the  two-layer 
structure  was  not  found.  Planview  micrographs  revealed 
that  heavily  damaged  regions  were  no  longer  present. 
Only  C54-TiSi  j  was  found  as  the  annealing  temperature 
was  at  or  higher  than  900  °C.  Examples  are  shown  in 
fig  8. 

For  80  keV  As*’  implanted  silicon  to  a  dose  of 
5  X  lO'*  cm'  the  surface  layer  was  found  to  be 
amorphous.  In  contrast,  no  amorphous  layer  was  formed 
in  TiSi,  samples  implanted  under  the  same  condition. 
TiSii  IS  known  to  be  metallic  [7],  Covalent  bonds  in 
semiconductors  are  directional.  The  breaking  of  highly 
ordered  bonds  in  these  matenals  by  ion  implantation 
tended  to  amorphize  the  surface  layer  relatively  easily 
On  the  other  hand,  amorphization  in  metallic  matenals 
is  relatively  difficult  to  achieve.  The  heat  of  formation 
of  T1S12  is  -134  kJ/mol  [8],  which  implied  that  the 
Ti-Si  bond  is  stronger  than  the  Si-Si  bond.  Maenpaa  et 
al.  reported  that  Pd -Si  could  not  be  made  amorphous 


up  to  a  dose  of  about  lO’^Ar”*  cm"^.  An  XTEM  study 
showed  that  a  NiSi^  layer  did  not  become  amorphous 
up  to  a  dose  of  1  X  lO'^  Si"*  cm“^  [9], 

The  C49  phase  was  found  to  form  in  the  surface 
layer.  Both  the  effects  of  dopant  and  radiation  damage 
may  play  a  role  in  transforming  the  damaged  C54  layer 
into  a  C49  layer.  Beyers  et  al.  [lO]  studied  titamum 
disilicide  formation  on  a  heavily  doped  Si  substrate.  For 
heavily  As-doped  substrates  (3x10^^  As  cm”’),  the 
C49-  to  C54-TiSi2  transformation  temperature  was  in¬ 
creased  to  850  °C..  Van  Ommen  et  al.  [11]  found  that 
samples  after  As"*  implant  were  observed  to  have 
broadened  peaks  of  the  C54  phase  in  X-ray  diffraction 
spectra.  The  C49  phase  was  detected  to  form  in  samples 
annealed  at  lower  temperatures  (600  or  700  °C),  The 
phase  was  found  to  disappear  after  annealing  at  800  °C 
for  30  mm.  It  seemed  that  As  atoms  stabilized  the  C49 
phase  in  a  TiSi^  film  with  As”*  implant.  Gas  et  al. 
concluded  that  As  diffused  through  a  TiSij  film  very 
fast  by  moving  as  substitutional  atoms  on  the  silicon 
sublattice  sites  [12.13].  The  size  of  the  As  atom  (1.18  A) 
IS  slightly  larger  than  that  of  a  Si  atom  (1.17  A).  The 
C49  phase  is  packed  less  densely  (density  =  3.85  g/cm’) 
than  the  C54  phase  (density  =  4.126  g/cm’).  It  may  be 
reasoned  that  if  silicon-sublattice  sites  were  replaced  by 
As  atoms,  the  C49  phase,  with  a  more  loosely  packed 
structure,  would  be  more  stable  than  the  C54  structuie 
at  temperatures  lower  than  200  °C  during  high  beam 
current  ion  implantation  with  sufficient  water  cooling. 

The  C49  phase  was  found  to  be  prone  to  misplace 
one  atomic  layer  along  the  [010]  direction.  If  the 
frequency  of  misplacement  was  high,  a  one-directional 
high-density  disorder  structure  may  be  produced.  The 
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presence  of  a  high  density  of  polytypes  was  correlated 
to  the  high  resistivity  value  ( =  96  cm).  In  contrast, 
stable  C54-TiSi2  shows  clean  and  almost  defect-free 
microstructures  and  was  correlated  to  a  relatively  low 
electrical  resistivity  value  ( *  20  cm)  [14,15]. 


4.  Summary  and  conclusions 

Radiation  damage  in  C54-TiSij  implanted  by  80 
keV,  5  X  lO’^  cm~^  As"^  has  been  studied  by  both 
cross-sectional  and  planview  TEM  as  well  as  by  four- 
point  probe  resistivity  measurement. 

Phase  reversion  from  C54-TiSij  to  C49-TiSi2  was 
observed  m  as-imp  ed  samples.  The  electrical  resis¬ 
tivity  of  implanted  ■  ..niples  was  found  to  decrease  with 
annealing  temperature  and  time.  After  annealing  at 
800  “C  for  1  h  or  at  900  “C  for  20  s,  the  conductivity  of 
the  TiSi  2  layer  was  found  to  fully  recover  to  its  pre-im- 
plantation  value.  The  phase  transition  from  C49-TiSi2 
to  C54-TiSi2  and  the  decrease  in  the  density  of  residual 
defects  were  found  to  correlate  with  the  decrease  in 
electrical  resistivity. 
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Comparison  of  models  for  the  calculation  of  ion  implantation  moments 
of  implanted  boron,  phosphorus  and  arsenic  dopants 
in  thin  film  silicides 

P.D.  Cole  G.M.  Crean  J..  Lorenz  **  and  L.  Dupas 
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The  accurate  prediction  of  dopant  ion  implantation  profiles  both  before  and  after  thermal  processing  is  becoming  increasingly 
cntical  in  the  design  of  ultra-large  scale  integration  (ULSI)  sub-micron  devices.  In  this  paper,  the  ion  implantation  moments  of 
boron,  phosphorus  and  arsenic  dopants  implanted  into  thin  film  titanium,  tungsten  and  cobalt  silicides  are  calculated  using  Monte 
Carlo.  Boltzmann  transport  equation  and  look-up  table  approaches.  Four  ion  implantation  simulators  are  evaluated  the  TRansport 
of  Ions  in  Matter  (TRIM89)  Monte  Carlo  code,  RAMM  and  SUPREM-3  transport  equation  codes  and  PREDICT-!. 4  which  relies 
on  look-up  tables  for  its  calculations.  Theoretical  results  are  subsequently  compared  with  experimentally  measured  boron, 
phosphorus  and  arsenic  range  and  straggle  parameters  iii  thermally  reacted  titanium  silicide  thin  films  obtained  using  secondary  ion 
mass  spectroscopy  (SIMS)  and  Rutherford  backscattenng  spectrometry  (RBS).  Ion  implantation  energies  were  vaned  from  20  keV  to 
160  keV  It  is  demonstrated  that  SUPREM-3  and  PREDlCT-1,4  'on  implantation  codes  do  not  at  the  present  time  accurately 
calculate  the  ion  implantation  moments  of  dopants  implanted  into  the  silicides  investigated  However  the  overall  correlation  between 
TRIM,  RAMM  and  the  experimental  data  presented  is  very  good.  The  ion  implantation  models  m  TRIM  and  RAMM  could  be 
employed  as  preprocessors  in  a  more  general  ULSI  sub-micron  process  simulaior  capable  of  modelling  a  doped  silicide  fabncation 
technology 


I.  Introduction 

Lateral  and  vertical  shrinkage  of  device  dimensions 
m  metal  oxide  semiconductor  (MOS)  ultra-large  scale 
integrated  (ULSI)  circuits,  poses  significant  semicon¬ 
ductor  fabrication  manufacturing  challenges.  In  particu¬ 
lar,  optimized  shallow  junction  fabrication  techniques 
are  required  to  form  junctions,  with  depths  of  less  than 
1000  A  for  a  0.25  pm  CMOS  technology.  The  accurate 
prediction  of  dopant  ion  implantation  profiles  both 
before  and  after  thermal  processing  is  therefore  becom¬ 
ing  increasingly  important  in  the  design  of  sub-micron 
microelectronic  devices  [1],  One  novel  process  fabrica¬ 
tion  technique  under  intensive  investigation  for  very 
shallow  junction  fabncation,  is  dopant  diffusion  from 
an  ion  implantation  doped  silicide  .source  [2].  This  has 
the  advantages  of  minimising  implant  channeling  and 
lattice  damage  in  the  silicon  substrate  and  also  of 
trapping  contaminants  associated  with  the  ion  beam  in 
the  silicide.  While  a  number  of  ion  implantation  models 
exist  for  modelling  the  interaction  of  the  dopant  within 
the  thin  film  silicide  on  silicon  structure,  the  accuracy  of 
these  models,  which  is  determined  by  the  mathematical 
approach  employed  and  the  material  properties  incor¬ 
porated  into  the  simulation  program,  are  not  well  docu¬ 
mented.  The  objective  of  this  work  is  to  evaluate  the  ion 
implantation  models  currently  available  for  this  simula¬ 


tion  task  via  a  comparison  of  experimental  and  theoreti¬ 
cal  results  for  ion  implantation  into  three  technologi¬ 
cally  relevant  silicides. 

2.  Modelling 

The  range  and  straggle  moments  of  boron,  phos- 
ohorus  and  arsenic  ion  implantations  into  titanium, 
cobalt  and  tungsten  silicides  are  calculated  using  the 
TRIM  Monte  Carlo  code  [3],  the  RAMM  [4]  and 
SUPREM-3  [5]  transport  codes.  Boron,  phosphorus  and 
arsenic  implantation  moments  into  titanium  and  cobalt 
silicides  are  also  calculated  using  the  PREDICT-1.4 
simulator  [6].  The  densities  of  titanium,  cobalt  and 
tungsten  silicides  were  4.02  g/cm^,  4.9  g/cm^  and  9.4 
g/cm^,.  respectively  [7].  We  consider  a  min  film  silicide 
on  silicon  substrate.  The  thickness  of  the  silicide  film 
was  fixed  at  2500  A  to  ensure  that  the  ion  implant  did 
not  penetrate  the  silicide/ silicon  interface.  One  should 
note  that  the  ion  implantation  models  investigated  in 
this  work  treat  the  target  materials  as  amorphous.  For 
the  TRIM  Monte  Carlo  code,  2000  ion  histones  were 
followed  for  each  calculation.  In  order  to  determine  the 
effect  of  increasing  the  number  of  ion  histories  on  the 
calculated  moments,  a  number  of  simulations  were  per¬ 
formed  using  2000  and  10000  ion  histones  [8],  Negliga- 
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ble  variation  was  noted  in  the  range  and  straggle  data 
extracted  from  these  profiles. 


3.  Experimental 

Both  n-type  (2-4  fi  cm)  and  p-type  (16-20  S2  cm) 
single  crystal  (100)  silicon  substrates  were  used  as  the 
starting  materials.  The  substrates  were  chemically 
cleaned  and  etched  in  dilute  HF  immediately  prior  to 
loading  into  a  sputter  deposition  chamber.  The  wafers 
were  then  RF  etched  and  baked  at  a  temperature  of 
250  °C.  280  nm  of  Ti  was  sputtered  onto  the  silicon 
wafers  with  subsequent  annealing  using  a  conventional 
two-stage  anneal  at  temperatures  of  550  and  800  °C 
respectively  in  a  high  purity  ( <  5  ppm  moisture  and  O2 
concentration)  nitrogen  purged  furnace.  The  final  sheet 
resistance  of  the  fully  reacted  silicide  layers  was  0.5 
Sl/D. 


O  TRIM  R 


Fir.  1.  Measured  and  simulated  range  and  straggle  moments  of 
boron  10ns  implanted  into  titanium  silicide  as  a  function  of  ion 
implant  energy.  Experimental  data  was  obtained  by  means  of 
SIMS  analysis.  Calculated  data  was  obtained  using  the  TRIM. 
RAMM,  SUPREM-3  and  PREDlCr-1.4  simulation  codes. 


Fig  2  Measured  and  simulated  range  and  straggle  moments  of 
phosphorus  ions  implanted  into  titanium  silicide  as  a  function 
of  ion  implant  energy.  Experimental  data  was  obtained  by 
means  of  SIMS  analysis.  Calculated  data  was  obtained  using 
the  TRIM.  RAMM.  SUPREM-3  and  PREDICT-1  4  simula¬ 
tion  codes 

Boron,  phosphorus  and  arsenic  tons  were  implanted 
into  the  thin  film  titanium  silicides  at  nominal  room 
temperature.  The  ion  implant  energies  ranged  from 
20-120  keV,  40-120  keV  and  20-160  keV  for  the 
boron,  phosphorus  and  arsenic  dopants,  respectively.  A 
dose  of  1  X  10’^  atoms/cm“  was  implanted  in  all  cases, 
and  the  ion  beam  current  was  maintained  at  20  pA. 

RBS  measurements  were  obtained  using  a  1.5  MeV 
He  beam.  Samples  were  analysed  with  the  beam  at  both 
normal  incidence  and  at  an  angle  of  35  °  (exit  beam  55  ° 
with  a  scattering  angle  of  160°).  The  accuracy  of  the 
RBS  depth  scales  depend  upon  the  accuracy  of  the 
energy  loss  factors  used.  These  are  known  to  better  than 
10%.  The  SIMS  characterisation  was  performed  using  a 
Cameca  IMS  3f  dynamic  SIMS  system  employing  Cs"^ 
bombardment  to  avoid  any  change  in  erosion  rate  be¬ 
tween  the  silicon  and  the  silicide  film.  Depth  scales  were 
obtained  by  measuring  the  crater  depths  using  optical 
interference  microscopy,  the  absolute  accuracy  of  which 
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is  approximately  30  nm,  the  duration  of  each  profile 
scan  remained  constant. 


4.  Results  and  discuss’.on 

Figs.  1-8  show  measured  (for  titanium  silicide),  and 
calculated  range  and  straggle  parameters  for  boron, 
phosphorus  and  arsenic  ions  implanted  into  titanium, 
cobalt  and  tungsten  silicides  as  a  function  of  ion  im¬ 
plantation  energy  (As  ions  implanted  into  WSij  not 
included).  The  fitted  lines  on  all  graphs  are  the  TRIM 
range  and  straggle  data. 

It  can  be  seen  from  figs.  1-3  that  there  is  excellent 
agreement  between  the  ion  implantation  moments  ex¬ 
tracted  from  the  TRIM  simulation  data  and  the  experi¬ 
mental  results  for  boron,  phosphorus  and  arsenic  ions 
implanted  into  titanium  silicide.  The  boron  and  phos- 


Fig  3  .Measured  and  simulated  range  and  straggle  moments  of 
arsemc  ions  implanted  into  titanium  silicide  as  a  function  of 
ion  implant  energy.  Expenmental  data  was  obtained  by  means 
of  SIMS  and  RBS  analysis.  Calculated  data  was  obtained  using 
the  TRIM,  RAMM,  SUPREM-3  and  PREDICT- 1.4  simula¬ 
tion  codes. 


BORON  ION  ENERGY  (keV)  into  CoSi2 

Fig.  4  Simulated  range  and  straggle  moments  of  boron  ions 
implanted  into  cobalt  silicide  as  a  function  of  ion  implant 
energy  Calculated  data  was  obtained  using  the  TRIM,  RAMM, 
SUPREM-3  and  PREDICT-1  4  sunulation  codes 


phorus  experimental  data  (figs.  1  and  2)  were  de¬ 
termined  using  SIMS  analysis  while  the  arsenic  experi¬ 
mental  range  and  straggle  data  was  extracted  from  RBS 
profiles  (fig.  3).  Deviations  in  agreement  between  the 
RBS  and  SIMS  data  were  noted.  These  differences  can 
anse  from  a  number  of  different  factors  including  the 
method  of  depth  calibration,  the  correction  of  SIMS 
artefacts,  e.g.,  differential  shift  [9]  and  the  choice  of 
analytical  function  to  which  the  experimental  profiles 
are  fitted.  A  detailed  discussion  of  the  experimental 
results  shown  on  figs.  1-3  has  already  been  presented 
[10]. 

Figs.  1-8  show  that  the  TRIM  and  RAMM  simula¬ 
tion  results  for  the  range  and  straggle  moments  of 
implanted  boron,  phosphorus  and  arsenic  ions  into 
titanium,  cobalt  and  tungsten  silicides,  are  in  very  good 
agreement.  However,  the  SUPREM-3  simulation  results 
differ  sigmficantly  from  those  of  TRIM  (figs.  1-8).  For 
the  case  of  the  boron  implantation  into  cobalt  silicide 
(fig.  4),  SUPREM-3  overestimates  the  range  and  strag- 
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gle  parameters  of  the  implant  by  comparison  with  the 
data  obtained  from  TRIM  (fitted  lines).  In  fig.  6,  for  the 
arsenic  implantation  into  cobalt  silicide,  SUPREM-3 
underestimates  the  range  and  straggle  parameters  of  the 
implant  by  comparison  with  the  TRIM  data  (fitted 
lines).  The  results  of  the  SUPREM-3  simulations  imply 
that  the  nuclear  and  electronic  stopping  powers  incor¬ 
porated  into  the  SUPREM-3  program  are  at  variance 
with  those  incorporated  into  both  the  TRIM  and 
RAMM  simulation  codes. 

PREDICT-1.4  ion  implantation  moments  do  not  ex¬ 
hibit  good  agreement  for  dopant  ions  implanted  into 
titanium  silicide  when  compared  with  the  experimental 
results  obtained  (see  figs.  1-3).  Moreover  PREDICT-1.4 
does  not  show  good  agreement  with  the  ion  implanta¬ 
tion  moments  extracted  from  the  TRIM  or  RAMM 
theoretical  simulations.  A  possiole  explanation  for  this 
IS  that  as  PREDICT-1.4  is  using  look-up  tables  of 
expenmental  data  obtained  from  SIMS  and  RBS  as-im¬ 
planted  profiles  for  its  calculations  [6],  there  may  be 
inconsistencies  with  the  manner  in  which  the  data  was 


PHOSPHORUS  ION  ENERGY  (keV)  into  CoSi2 

Fig.  5.  Simulated  range  and  straggle  moment  of  phosphorus 
ions  implanted  into  cobalt  sihcide  as  a  function  of  ion  implant 
energy  Calculated  data  was  obtained  using  the  TRIM,  RAMM, 
SUPREM-3  and  PREDICT-1.4  simulation  codes. 


.‘.RSENIC  ION  ENERGY  (keV)  into  CoSI2 


Fig  6.  Simulated  range  and  straggle  moments  of  arsenic  ions 
implanted  into  cobalt  .silicide  as  a  function  of  ion  implant 
energy  Calculated  data  was  obtained  using  the  TRIM,  RAMM. 
SUPREM-3  and  PREDICT-1  4  simulation  codes 


obtained  as  a  result  of  ’he  difficulties  that  are  associ¬ 
ated  with  the  characterisation  of  these  techniques. 

5.  Conclusions 

The  ion  implantation  ranges  of  boron,  phospiiorus 
and  arsenic  dopants  in  thermally  reacted  titanium  sili- 
cide  thin  films  on  silicon  (100)  have  been  determined 
experimentally  using  SIMS  and  RBS  analysis.  Experi¬ 
mental  ion  range  measurements  have  been  compared 
with  simulated  data  using  the  TRIM  Monte  Carlo  code, 
the  RAMM  and  SUPREM-3  transport  codes  and  PRE- 
DICT-1,4.  The  overall  correlation  between  TRIM, 
RAMM  and  the  experimental  data  is  very  good.  The 
ion  implantation  models  utilised  in  SUPREM-3  and 
PREDlCT-1.4  simulators  do  not  appear  at  the  present 
time  to  be  accurate  for  calculating  the  ion  implantation 
moments  of  dopants  implanted  into  the  silicides  in¬ 
vestigated. 
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BORON  ION  ENERGY  (keV)  into  WS12 

Fig  7  Simulated  range  and  straggle  moments  of  boron  ions 
implanted  into  tungsten  stlicide  as  a  function  of  ion  implant 
energy  Calculated  data  was  obtained  using  TRIM,  RAMM 
and  SUPREM-3  simulation  codes 


PHOSPHORUS  ION  ENERGY  (keV)  Into  WSi2 

Fig.  8  Simulated  range  and  straggle  moments  of  phosphorus 
ions  implanted  into  tungsten  silicide  as  a  function  of  ion 
implant  energy  Calculated  data  was  obtained  using  the  TRIM. 
RAMM  and  SUPREM-3  simulation  codes 


1 


.  % 


Based  on  the  above  results,  TRIM  or  RAMM  are 
suitable  modelling  tools  for  the  initial  step  in  the  pro¬ 
cess  simulation  of  an  ion  implanted  doped  silicide  tech¬ 
nology.  Such  codes  could  subsequently  be  employed  as 
preprocessors  in  a  more  general  ULSI  sub-micron  pro¬ 
cess  simulator  capable  of  modelling  a  doped  silicide 
fabrication  process. 
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Ion  beam  synthesis  of  cobalt  silicide:  effect  of  implantation  temperature 

E.H.A.  Dekempeneer,  J.J.M.  Ottenheim,  D.E.W.  Vandenhoudt,  C.W.T,,  Bulle-Lieuwma 
and  E.G.C.  Lathouwers 

Philips  Research  Laboratories,  PO  Box  30000,  5600  J A  Eindhoven,  The  Netherlands 


In  order  to  understand  the  physical  processes  which  occur  during  ion  beam  synthesis  of  CoSi,,.  we  have  studied  the  effect  of 
implantation  temperature  The  experiment  cons.»ted  of  170  keV  Co  implantations  (dose  1  7x  lO’’  lons/cm’)  in  Si(lOO)  targets  at 
temperatures  varying  between  250°C  and  50O“C’  Both  as-implanted  and  annealed  samples  have  been  analyzed  by  several  techniques, 
such  as  cross-section  transmission  electron  microscopy.  X-ray  diffraction,  Rutherford-backscattering  spectrometry  and  the  four-point 
probe  technique.  Our  data  indicate  that  an  optimum  implantation  temperature  interval  exists  where  pinhole-free  buried  layers  of 
CoSij  can  be  synthesized.  Outside  this  interval,  the  evolution  of  the  precipitate  size  distribution  and/or  strain  situation  in  the 
as-implanted  state  effectively  reduce  the  necessary  depth  variation  m  precipitate  stability 


I  Introduction 

Ion  beam  synthesis  (IBS)  of  CoSii  refers  to  a  proc¬ 
ess  in  which  a  buried  epitaxial  silicide  layer  in  silicon  is 
formed  after  annealing  of  a  high-dose  Co  implantation 
in  St  [1],  Typically,  the  implantations  are  earned  out  at 
elevated  temperatures  T,  (300-500°C)  to  anneal  out  the 
radiation  damage  [1-4],  It  has  indeed  been  observed 
that  when  near-surface  amorphization  occurs  during  Co 
implantation,  annealing  will  result  in  large  amounts  of 
silicide  being  segregated  at  the  surface.  However,  at 
present,  no  clear  treatnient  has  been  presented  on  the 
influence  of  varying  the  implantation  temperature  in  a 
region  above  this  lower  limit  where  amorphization  oc¬ 
curs.  Given  the  fact  that  already  at  600°C  sharpening  of 
the  Co  distribution  has  been  observed  (often  it  is  the 
first  step  in  the  subsequent  anneal  treatment),  one  may 
expect  that  varying  the  implantation  temperature  from 
300°C  up  to  500°C  will  significantly  affect  the  micro- 
structure  in  the  as-implanted  state,  and  hence  also  the 
structure  after  annealing.  It  may  also  be  anticipated 
that,  s'nce  the  diffusion  of  Co  atoms  is  expected  to  play 
an  important  role,  the  implantation  time,  and  therefore 
lon-beam  current  density,  may  be  an  important  parame¬ 
ter. 

In  the  present  work  we  study  these  influences  by 
looking  at  the  microstructure  of  the  implanted  material 
before  and  after  annealing. 

2.  Experiment 

Co  ions  were  implanted  into  Si(l()0)  4  in.  wafers  at 
different  implantation  temperatures  between  250°C  and 
500°Ct  with  an  energy  of  170  keV  and  a  dose  of 
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(1  7  +  0  1)  X  lO’’  lons/cm’  (table  1).  The  surface  nor¬ 
mal  was  tilted  by  7°  with  respect  to  the  incident  beam 
diiection  to  reduce  channeling  effects..  The  implantation 
temperature  T,  was  controlled  by  external  heating.  Beam 
h'*ating  effects  are  expected  to  ra-se  the  .sample  temper¬ 
ature  by  no  more  than  40®C.  Above  350‘’C  the  external 
heat  source  consisted  of  a  matrix  of  seven  halogen 
lamps  iri-adiating  the  target  from  the  rear.  At  lo"'er 
implantation  temperatures,  the  samples  were  clamped 
onto  an  Al  holder  against  a  solid  Cu  block  provided 
with  resistive  heating.  Two  series  of  implantations  were 
carried  out  (set  1  and  .set  2,  see  table  1)  which  differ  by 
the  beam  current  density  (1.6  and  3  pA/cm^,,.  respec¬ 
tively).  During  the  500°C  and  425°C  implantations  of 
set  1.  the  ion  source  dropped  out  for  .some  period  of 
time,  thereby  extending  the  effective  implantation  time 
by  10%  and  30%.  respectively. 


Table  1 

Experimental  details  giving  the  implantation  temperature  (T,), 
total  ion  dose  as  measured  by  RBS  (0).  ion  beam  current 
density  (/)  and  total  implantation  time  (5) 


T. 

[°C] 

Set  1 

Set  2 

0 

[cm  -) 

/ 

[pA/ 

cm^l 

5 

[h] 

0 

[cm^^J 

/ 

(bA/ 

cm’] 

S 

[h] 

500 

1  8  XIO"'' 

1.6 

55  “ 

1.75X10’’ 

3 

27 

425 

1  8  xlo’' 

I  6 

6.5  - 

1  75X10'' 

3 

27 

350 

1  55xl0” 

1  8 

4 

1  75X10” 

3 

27 

290 

1.6  xlO” 

250 

1  6  XIO'^ 

■"  Includes  downtime  of  the  ion  source. 
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The  pos'.-iniplantation  anneal  treatments  were  ear¬ 
ned  out  in  a  heat-pulse  610  (AG)  furnace,  in  the  se¬ 
quence  30  min  600°C  +  30  min  1000°C  in  flowing  N2 
ambient. 

Both  a.s-implanted  and  annealed  specimens  have  been 
analyzed  in  cross  section  by  conventional  transmission 
electron  microscopy  (XTEM),  X-ray  diffraction  (XRD) 
and  Rutherford-backscattenng  spectrometry  (RBS) 
using  a  2  MeV  He^  beam.  The  resistivity  of  the  layers 
was  measured  by  the  four-point  probe  technique. 


3.  Results 

First,  let  us  concentrate  on  the  as-implanted  slate  of 
set  1.  Fig.  1  shows  bnght-field  XTEM  images  for  T,  = 
4'>5°C  and  500°C.  Large  differences  can  be  seen,  both 
in  size  and  shape  of  the  CoSi,  precipitates.  At  425°C,. 
the  precipitate  size  varies  strongly  with  depth  in  a  way 
that  IS  logically  linked  with  the  implantation  depth 
profile-  small  precipitates  in  the  front  and  back  tail,  and 


0>^>5 


400  500 

temperature  Ti  (  C)  - 


Fig  2  XRD  measurements  on  as-implanted  samples  (.set  1  and 
set  2)  of  the  CoSij  lattice  constant  perpendicular  to  the  surface 
as  function  ot  implantation  temperature  The  upper  dashed 
line  indicates  the  value  for  CoSi,  powder  The  lower  dashed 
line  gives  ihe  value  calculated  for  tetragonally  distorted  pre¬ 
cipitates  that  full>  match  the  Si  lattice  parallel  to  the  surtace. 
aisummg  conservation  of  cell  volume. 


Fig.  !  Bright-field  XTEM  im-tges  of  as-implanted  samples 
(set  1)  for  different  implantation  temperatures. 


larger  ones  near  the  peak  of  the  distribution.  At  500°C 
all  precipitates  have  become  appreciably  larger  and 
highly  facetted,  predominantly  along  the  {111}  planes. 
The  gradient  in  the  size  distribution  is  also  less  pro¬ 
nounced.  XTEM  was  al.so  carried  out  on  the  350°C 
implantation  (not  shown).  This  sample  exhibits  a  micro- 
structure  similar  to  the  425'’C  implantation,  but  with 
the  precipitates,  on  average,  being  still  somewhat  smaller 
and  more  circular  in  shape.  Together  with  these  varia¬ 
tions  in  size  and  .shape  as  function  of  temperature,  we 
also  observe  large  differences  in  the  strain  situation  of 
these  precipitates.  Previous  work  [5]  has  indicated  that 
the  CoSij  lattice  m  the  as-implanted  precipitates  is 
compre.ssed  m  a  direction  normal  to  the  surface.  This 
was  explained  as  being  a  result  of  a  tetragonal  distor¬ 
tion  of  the  C0S12  lattice  which  tries  to  match  the  larger 
Si  lattice  parallel  to  the  surface.  Our  XRD  data  in  fig  2 
show  that  this  compre.ssion  varies  m  magnitude  as  a 
function  of  implantation  temperature  With  increasing 
implantation  temperature,  the  precipitates  become  more 
and  more  relaxed.  Obviously,  strain  relaxation  is  corre¬ 
lated  with  the  precipitates  becoming  larger  and  highly 
facetted  and  is  due  to  the  formation  of  misfit  disloca¬ 
tions  [6].  The  smaller  strain  relaxation  observed  for  .set  2 
can  be  explained  by  the  fact  that,  due  to  the  shorter 
implantation  time,  precipitates  had  less  time  to  grow. 
Tile  iclaxdtion  of  sliaiii,  and  hence,  the  leduclioii  of 
deformation  energy  with  increa.sing  implantation  tem¬ 
perature  IS  important  because  it  rendeis  the  precipitates 
more  stable  [7],  As  we  will  show  now,  this  increased 
stability  has  important  consequences  for  the  subsequent 
anneal  treatment. 
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Fig.  3  shows  bright-field  XTEM  images  of  annealed 
samples  of  set  1  for  four  different  implantation  temper¬ 
atures  Clearly,  the  350°C  implantation  yields  the  best 
pinhole-free  buried  sihcide  layer.  Apparently,  the  num¬ 
ber  of  threading  dislocations  in  the  top  silicon  film  is 
simultaneously  reduced  to  a  minimum.  The  damage 
level  in  the  top  Si  layers  was  also  directly  measured  bv 
channeling  RBS  along  the  Si  (100)  direction.  As  ex¬ 
pected  from  the  XTEM  results,  the  lov^est  minimum 
yield  value  was  obtained  for  the  350°C  implantation 
(Xm.n  =  6%).  The  250"C,  290°C  (not  shown)  and  425°C 
implantations  contain  a  lot  of  pinholes  which  can  be 
recognized  because  of  their  facetted  character.  The  worst 
case  is  clearly  the  500°C  implantation,  where  no  layer 
formation  occurs  at  all.  Instead,  large  isolated  precipi¬ 
tates  reaching  up  to  the  surface  are  formed. 

For  T,  a  425°C,.  these  observations  can  be  explained 
by  the  fact,  that  in  the  as-implanted  state,  the  gradient 
in  precipitate  size  over  the  implanted  depth  gradually 


becomes  smaller  with  increasing  T,.  Correspondingly,- 
precipitates  in  the  tails  increase  their  stability  with 
respect  to  the  precipitates  near  the  peak  of  the  implan¬ 
tation  profile  This  hinders  the  buried  layer  formation 
proce.ss  because  the  difference  in  precipitate  stability 
happens  to  be  the  driving  force  for  Co  atoms  to  diffuse 
from  the  tails  towards  the  peak  of  the  implantation 
profile.  Note  that  based  on  the  principle  of  minimiza¬ 
tion  of  interface  energy  alone,  a  simple  calculation  of 
the  total  interface  area  shows  that,  instead  of  a  buried 
layer,  a  series  of  large  isolated  precipitates  becomes 
energetically  more  favourable  as  .soon  as  their  radius 
beco  .'cs  larger  than  a  certain  critical  radius  R^.  For 
sphe.ical  precipitates  and  a  dose  of  1.7  x  lO'’  lons/cm",- 

=  1000  This  picture  is  close  to  what  we  observe 
for  the  500°C  implantation  (fig.  3). 

For  T,  <  290°C.  again  pinholes  are  formed  In  order 
to  understand  the  reason  for  this,  it  is  interesting  to 
make  a  comparison  with  the  strain-dose  relationship 


Fig.  3  Bright-field  XTEM  images  of  annealed  sampli-s  (set  1)  for  tdferent  implantation  temperatures  Top  left.  F,  =  500°C;  top 
right  r,  =  425° C.  bolicm  left  T,  =  350°  C;  bottom  right:  F,  =  250°  C 
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Fig  4.  Dose  dependence,  for  170  keV  Co  implantations,  of  the 
perpendicular  lattice  constant  of  CoSii  precipitates  in  the 
as-implanted  state  (for  implantation  conditions  which,  upon 
annealing,  result  in  pinhole-free  buried  layer  formation)  The 
drawn  line  is  from  ref  [2] 

measured  in  ref.  [2].  In  the  experiments  of  ref.  [2], 
implantation  conditions  were  such  that  for  doses  above 
the  critical  dose,  a  pinhole-free  buried  layer  was  synthe¬ 
sized.  Fig.  4  shows  that  there  is  good  agreement,  regard¬ 
ing  the  strain  in  the  as-implanted  state,  between  their 
experiment  and  our  350°C  data  (which  also  yields  a 
pinhole-free  sihcide  layer).  This  consistency  supports 
again  the  idea  that  the  strain  in  the  as-implanted  state 
largely  determines  its  behaviour  during  the  anneal  treat¬ 
ment.  To  explain  their  data,  the  authors  of  ref.  (2) 
proposed  a  model  m  which  the  perpendicular  contrac¬ 
tion  of  the  C0S12  precipitates  was  partly  counteracted 
by  the  surrounding  strained  Si  matrix  itself.  Returning 
to  our  data  in  fig.  2,  the  increased  distortion  of  precipi¬ 
tates  for  7",  <  290''C  might  therefore  be  indicative  of  the 
fact  that  the  Si  matrix  around  the  precipitates  tends  to 
relax,  possibly  because  too  much  damage  is  being  intro¬ 
duced  This  relaxation  is  a  possible  cause  of  the  ob¬ 
served  reduced  efficiency  of  buried  layer  formation, 
because  it  increases  the  precipitate  stability.  However, 
at  present  this  is  rather  speculative  since  we  have  no 
direct  measurement  of  the  strain  in  the  Si  matrix.  Ra¬ 
man  measurements  were  performed,  but  the  observed 
shift  and  broadening  of  the  Raman  line  could  also  be 
explained  by  the  microcrystalline  nature  of  the  as-im¬ 
planted  state  [8], 

Concerning  the  influence  of  implantation  time,  our 
room-temperature  resistivity  measurements  indicate 
that,  for  the  500°C  implantation,  annealing  of  the  set  2 
sample  (p  =  15  cm)  yields  a  better  silicide  layer  than 
the  set  1  sample  (p  =  21  pfl  cm).  This  is  m  dgiccuicnt 


with  the  smaller  strain  relaxation  observed  for  the  set  2 
implantations.  At  lower  implantation  temperatures,  re¬ 
sistivity  variations  are  too  small  to  make  any  conclu¬ 
sions.  No  XTEM  d-ila  for  set  2  are  available  yet. 


4.  Conclusions 

We  have  shown  that  for  IBS  of  C0S12  an  optimum 
implantation  temperature  interval  exists,  which  lies  well 
above  the  limit  where  amorphization  occurs.  Outside 
this  interval,  problems  arise  probably  because  the  evolu¬ 
tion  of  the  precipitate  size  distribution  and/or  strain 
situation  in  the  as-implanted  state  effectively  reduce  the 
necessary  depth  variation  in  precipitate  stability.  Ion 
beam  current  density  is  also  a  critical  parameter,  in  the 
.sense  that  it  influences  both  the  damage  production  rate 
and  precipitate  growth  (through  implantation  time).  A 
higher  current  density  will  therefore  probably  raise  the 
optimum  implantation  temperature.  Our  data  suggest 
that  for  a  current  density  of  1.6  pA/cm^,,.  the  optimum 
temperature  interval  is  less  than  lOO^C  wide  and 
centered  around  350“C. 
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Ion  beam  mixing  and  rapid  thermal  annealing  (RTA)  were  used  to  prepare  low  resistivity  (  «  23  nfl  cm)  cobalt  disihcide,  CoSij, 
layers  Through-metal  As*  ton  implantation  causes  some  mixing  between  Co  and  Si  resulting  in  the  formation  of  cobalt  siltcides  By 
using  RTA,  the  sihcide  formation  happens  in  the  phase  sequence  C02S1.  CoSi  and  CoSi2.  Samples  which  were  only  subjected  to  a 
one-step  high  temperature  RTA  process  (T  >  900“C,.  1  s)  show  significant  lateral  growth  of  cobalt  silicides.  By  ion  beam  mixing  of 
Co  and  Si  this  lateral  sihcide  growth  could  be  reduced  efficiently  Furthermore  one  can  get  a  very  homogeneous  CoSh  layer. 


I.  introduction 

Recently  metal  silicides  have  gained  an  increasing 
interest  in  view  of  their  application  as  ohmic  contact 
and  as  interconnection  materials.  Up  to  now,  titanium 
disihcide  TiSi  1  is  the  most  investigated  silicide  because 
of  its  low  resistivity  and  good  high  temperature  stability 
[1].  As  pointed  out  in  refs.  [1,2]  CoSij  could  be  an 
attractive  alternative  to  TiSi2,  since  they  have  similar 
film  resistivities  and  similar  high-temperature  stabilities 
(C0S12:  16-25  pfl  cm  up  to  900  °C  and  TiSu:  13-25 
(ifl  cm  up  to  1000  °C).  Although  cobalt  consumes  more 
silicon  than  titanium  to  achieve  the  same  sheet  resis¬ 
tance  Ry  (for  instance;  to  achieve  a  1  J2/D  R,  value  a 
150  nm  thick  silicide  film  of  a  resistivity  of  15  pfl  cm  of 
CoSii  or  T1S12  IS  required.  C0S12  consumes  156  nm 
silicon  while  TiSi2  only  needs  140  nm  silicon)  C0S12  has 
some  other  advantages.  Unlike  titanium,  cobalt  does 
not  react  with  Si02  [3],  and  opposite  to  the  formation  of 
TiSi2.  in  which  silicon  ts  the  dominant  diffusing  species, 
the  formation  of  C0S12  is  dominated  by  metal  diffusion 
[4].  These  properties  would  make  it  easier  to  avoid  the 
bridging  between  source-drain  and  gate  in  MOS  VLSI 
technology. 

For  use  of  salicide  (self-aligned  silicide)  [5]  struc¬ 
tures,  the  selective  formation  of  silicide  by  the  solid 
phase  reaction  of  thin  metal  films  with  the  patterned 
silicon  substrate  or  polysilicon  layers  must  be  achieved, 
since  the  patterning  of  silicides  is  very  difficult  [Ij.  The 
lateral  growth  of  silicide  beyond  the  area  of  the  source- 
dram  region  can  cause  an  electrical  short  to  the  gate 
electrode.  In  the  present  work  we  studied  the  reaction 
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between  cobalt  films  and  Si  substrates  caused  by  rapid 
thermal  annealing  (RTA)  and  through-metal  ion  im¬ 
plantation  as  well  as  the  lateral  growth  of  silicide  and 
the  influence  of  ion  beam  mixing. 


2.  Experimental  procedure 

Co  films  were  deposited  onto  p-type  p  =  1-2.5  S2  cm 
(lOO)-Si  wafers  by  dc  magnetron  sputtering.  The  silicon 
wafers  were  chemically  cleaned  and  dipped  in  1%  HF 
for  2  min  immediately  before  loading  into  the  sputter¬ 
ing  chamber  to  minimize  the  thickness  of  the  native 
oxide.  The  sputtering  chamber  was  evacuated  to  2  X 
10'*’  Torr  prior  to  the  introduction  of  high  punty 
(99.999%)  argon  to  a  pressure  of  7  X  10'  Torr.  The 
sputtering  was  performed  at  a  current  of  0.9  A  and  a 
target  potential  of  1  5  kV,-  resulting  in  a  deposition  rate 
of  approximate  3  A/s.  The  thickness  of  the  cobalt  films 
was  about  230  A  and  the  sheet  resistance  about  16  fi/Cl 
To  study  the  lateral  growth  of  cobalt  silicides,  square 
windows  (20  X  20  pm’)  were  opened  in  thermally  grown 
silicon  dioxide  of  400  nm  thickness  prior  to  the  deposi¬ 
tion  of  cobalt  and  the  silicidation  process.  After  remov¬ 
ing  the  unreacted  cobalt,  the  wafer  surfaces  were  studied 
by  SEM. 

To  investigate  the  influence  of  the  through-metal  ion 
implantation,  some  samples  (both  Co/Si  and  C0/S1O2) 
were  As*  implanted  with  an  energy  of  200  keV  and 
doses  of  1.  2,  5,  7  X  lO'^cm"^,  and  1  X  10'*cm“^  using 
an  implantation  current  of  1  mA,  resulting  in  a  current 
density  of  12.7  pA/cm^.  Subsequently,  heat  treatment 
was  performed  at  temperatures  between  700  and 
1100°  C  in  flowing  nitrogen  atmosphere  for  1  s  by  using 
an  AG  Associate  Heatpulse  610  halogen  lamp  RTA 
system. 
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The  metallurgical  analysis  was  performed  by  Ruther¬ 
ford  backscattering  spectrometry  (RBS)  with  a  1.5  MeV 
‘’He^  ion  beam.  X-ray  diffraction  (XRD)  employing 
Cu  K.„  radiation  (A  =  1,5418  A)  was  used  to  identify  the 
silicide  phases  present  in  the  films.  The  behavior  of 
silicide  lateral  growth  and  the  silicide  surface  mor¬ 
phology  were  studied  by  scanning  electron  microscopy 
(SEM)  The  sheet  resistance  of  CoSii  was  measured  by 
four-point  probe  measurements. 


3.  Results  and  discussion 

The  sheet  resistance  of  the  annealed  Co/Si  sam¬ 
ples  versus  the  RTA  temperatures  is  shown  in  fig.  1.  At 
700 °C,.  /?.,  decreased  from  16  fl/D,  the  value  of  the 
as-deposited  samples,  to  4  fi/D.  This  is  due  to  the 
formation  of  CojSi,  Then  /?,  began  to  rise  with  increas¬ 
ing  temperature  and  reached  its  maximum  value  of  80 
H/n  at  800  °C.  This  maximum  resistance  coincided 
with  the  complete  conversion  of  cobalt  into  CoSi,,  which 
is  known  to  be  the  highest  re.sistivity  cobalt  silicide  (6). 
At  temperatures  above  800  °C.-  R.,  decreased  very 
rapidly,,  indicating  the  transformation  of  CoSi  into 
CoSu,  and  reached  a  very  low  value  of  about  3.8  fi/D 
at  900  °C.  For  temperatures  between  900  and  1100°^.. 
R,  was  almost  constant,  but  showed  a  small  decrease 
with  increase  m  temperature.  As  no  further  phase  tran¬ 
sition  occurred  at  temperatures  above  900  “C  this  R_- 
behaviour  may  be  due  to  the  formation  of  CoSij  of 
better  crystallinity  at  elevated  temperatures  resulting  in 


100; 

90 


Temperature  (°C) 

Fig  1.  The  sheet  resistance  of  Co/Si  samples  versus  the  RTA 
temperatures 


pies 


the  observed  decrease  of  R,  The  XRD  spectra  (shown 
in  fig.  2)  gave  the  same  results'  at  7(X)°C  almost  all  the 
cobalt  film  reacted  with  the  silicon  substrate  to  form  the 
metal-rich  Co2Si;  at  temperatures  between  700  and 
800  °C  C02S1  was  transformed  into  CoSi  by  the  con¬ 
tinued  reaction  with  Si,  and  at  800 °C  all  CojSi  was 
converted  into  CoSi;  at  temperatures  above  800  °C.  the 
formation  of  the  final  phase  CoSi  2  happened,  and  at 
900  °C  all  CoSi  was  converted  into  CoSi2.  These  results 
reveal  that  the  leact.on  of  Co  and  Si  caused  by  RTA 
also  occurs  in  'he  phase  sequence  of  Co2Si,  CoSi  and 
CoSi2,-  the  .same  as  liiat  caused  by  conventional  furnace 
annealing  [7], 

RBS  measurements  were  also  used  to  investigate  the 
reaction  of  Co  and  Si.  Fig.  3  shows  the  RBS  spectra 
with  normal  incidence  of  ‘'He^  ions.  At  700  °C,  a  slight 
reaction  between  Co  and  Si  was  observed.  At  800  °C 
the  spectra  height  ratio  of  Co  and  Si  showed  that  the 
CoSi  phase  was  formed.  At  T  S  900  °  C,  CoSi  2  was  the 
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Channel  Number 

Fig  3  The  RBS  spectra  of  annealed  Co/Si  samples 


only  silicide  phase,  but  there  was  no  clear  shoulder  in 
the  high  energy  edge  of  Si  spectra,  and  the  Co  spectra 
also  seemed  to  show  a  diffusion  profile  of  cobalt  in 
silicon.  These  findings  were  associated  with  poor  depth 
resolution  on  account  of  the  lateral  inhomogeneity  of 
the  CoSii  thickness.  The  resistivity  of  CoSii  was  23.2 
pQ  cm. 

The  values  and  the  XRD  results  of  As*  im¬ 
planted  samples  are  listed  in  table  1  The  RBS  spectra 
of  these  samples  are  shown  in  fig.  4.  For  the  sake  of 


clarity  we  omitted  the  spectrum  corresponding  to  7  x 
lO'®  cm'^.  Although  there  are  few  changes  in  the  /?, 
values  and  the  normal  incident  RBS  spectra  of  the 
samples  implanted  with  doses  of  1  and  2  x  lO'^  cm"' 
with  respect  to  those  of  the  as-deposited  samples,  XRD 
spectra  show  that  some  silicide  phases  are  already  pre¬ 
sent  in  the  as-implanted  films.  In  the  samples  implanted 
with  doses  of  5,  7  X  lO’^  cm"^  and  1  X  lO’^  cm"^.,  the 
values  are  about  3  U/D.  equal  to  those  of  CoSi2 
formed  by  RTA.  The  RBS  spectra  corresponding  to 


a  —  as  deposited 
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Fig.  4.  The  RBS  spectra  of  As*  implanted  Co/Si  samples 


Vr  MATERIALS  SCIENCE 


776 


M  Ye  el  al.  /  Cobull  silicide  formation 


Table  1 

The  sheet  resistance  values  and  the  XRD  results  of  As* 
implanted  samples  ( E  ■=  200  keV) 

Dose[10'-'cm-^l  i  2  5  10 

Rjn/D]  14  17  3  6  2.8 

Phase  (XRD)  Co,  ConSi  CojSi.  CoSt.  CoSi,  CoSi, 

CoSt, 


these  samples  show  a  distinct  shoulder,  the  signal  height 
illustrates  that  the  atom  ratio  of  Co  to  Si  is  1 : 2  in  the 
films.  The  XRD  peaks  show  clearly  that  CoSi,  has 
alieady  been  formed.  This  phenomenon  may  be  due  to 
the  thermal  effects  during  ion  beam  mixing,  as  the 
implantation  current  was  rather  high  [8]. 

The  main  motivation  for  using  CoSi2  as  a  substitute 
for  TiSii  in  VLSI  circuits  is  that  tt  is  easier  to  avoid  the 
lateral  growth  of  silicides  with  cobalt  than  with  titanium. 


Fig.  5.  SEM  figures  of  Co  silicide  selective  formation  (RTA: 
900 °C,  1  s):  (.1)  without  As*  implantation  and  (b)  with  As* 
implantation. 


since  CoSij  is  formed  by  metal  atom  diffusion  [5,9], 
Our  experiments  reveal  that  the  one-step  high  tempera¬ 
ture  RTA  (TS:  900°C,.  1  s)  can  cause  significant  lateral 
growth  of  silicides  in  the  samples  without  As*  implan¬ 
tation  before  the  annealing.  Fig,  5a  clearly  demonstrates 
the  overgrowth  of  cobalt  silicides  beyond  the  edges  of 
the  patterned  Si02.  This  phenomenon  was  observed  in 
the  formation  of  CoSi2  by  conventional  furnace  anneal¬ 
ing  [10],  There  is.  however,  little  lateral  growth  of  sili- 
cides  in  the  samples  which  were  As*  implanted  after 
the  deposition  of  cobalt  (fig.  5b).  1  hi.s  lateral  growth  of 
cobalt  silicide  originates  from  the  fact  that  CoSi2  is 
formed  via  the  formation  of  CoSi,  in  which  the  silicon 
atom  is  the  dominant  diffusion  species  [11],  By  As* 
implantation,  the  cobalt  film  is  mixed  with  the  silicon 
substrate  and  a  presilicidation  probably  occurs  prior  to 
the  thermal  treatment  of  the  samples.  One  may  specu¬ 
late  that  by  this  As*  implantation  some  cobalt  silicide 
phases,  most  probably  Ct.^i,  are  produced,  which  are 
transformed  into  C0S12  by  the  following  RTA  step.  In 
this  process  the  dominant  diffusion  species  is  cobalt 
Therefore,  the  through-metal  As*  implantation  can  pre¬ 
vent  the  lateral  growth  of  CoSi2.'  Furthermore,  ion 
beam  mixing  results  in  a  smoother  surface  of  CoSi  2  (see 
fig.  5)  and  a  mere  homogeneous  CoSi  2  layer  (see  fig.  4). 
This  may  be  due  to  a  very  high  number  of  nucleation 
centers  generated  by  implantation  of  As*  ions  resulting 
in  smaller  CoSi2  grains  formed  during  the  RTA  step. 


4.  Conclusion 

Our  experiments  reveal  that  cobalt  silicides  can  be 
formed  by  rapid  thermal  annealing  (RTA)  in  the  phase 
sequence  of  Co2Si.  CoSi  and  CoSi 2,  the  same  as  in  the 
case  of  conventional  furnace  annealing.  One-step  high 
temperature  RTA  without  ion  beam  mixing  results  in 
significant  lateral  growth  of  cobalt  silicide  beyond  the 
edge  of  the  SiOj  windows.  The  through-metal  arsenic 
implantation  causes  the  mixing  of  Co  with  Si  and  forms 
some  silicides.  This  implantation  can  effectively  prevent 
the  lateral  growth  of  silicides  and  results  in  a  very 
smooth  silicide  surface  and  a  homogeneous  CoSi  2  thick¬ 
ness. 
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The  application  of  a  600  keV  heavy  ion  implanter  is  described  High  energy  and  high  energy  doubly  charged  were 
implanted  in  silicon  for  p-  and  n-wells  isolation  in  CMOS  ICs.  600  keV  Ar*  was  implanted  in  silicon  to  form  a  damage  layer,  the 
perfect  layer  near  the  surface  of  the  Si-wafer  was  made  by  defect  gettermg  SC,.  Mg*  and  O*  were  implanted  m  GaAs,  and  the 
uniformity  of  the  threshold  voltage  (K,^)  of  GaAs  MESFETs  buned  with  Mg  or  O  layers  was  improved.  High  activation  efficiencies 
of  Mg*  and  Si*  implanted  GaAs  after  RTA  were  obtained  by  using  a  specially  designed  graphite  heater,  and  the  activation 
efficiencies  were  100%  and  92%.  respectively  The  isolation  of  GaAs  and  InGaAsP/lnP  and  other  compound  semiconductors,  the 
characteristics  of  LiNbO,  and  other  insulators  after  high  energy  ion  implantation  and  molecular  ion  implantation  have  also  been 
investigated  u^ng  this  implanter 


1.  Introduction 

Ion  implantation  technology  has  been  developed 
since  1952.  At  first  Bell  Laboratory  used  H*  implanta¬ 
tion  to  form  p-  n  junctions  and  fabricate  solar  batteries. 
At  first,  applicatton  of  ion  implantation  in  silicon  de¬ 
vices  was  by  low  energy  implantation  (<  10  keV)  With 
the  development  of  ion  implantation  technology,  high 
energy  ion  implantation  and  applications  in  other 
materials  became  more  and  more  attractive.  The  new 
implantation  technologies  stimulated  applications  in 
SOI  structures.  Si.  GaAs  and  other  compound  semicon¬ 
ductor  devices,  materials  and  insulator  materials. 

A  600  keV  heavy  ion  implanter  (pre-accelerating  and 
post-analyzing  implanter)  has  been  built  at  the  Shanghai 
Institute  of  Metallurgy,  Academia  Sinica  [1].  The  im¬ 
planter  has  the  following  characteristics;  energy  above 
600  keV  and  stable  (long-time  drift  less  than  1  X  10"“'), 
mass  range  of  1-210  and  mass  resolving  power  over 
210,  beam  stability  better  than  100  pA  ±  2.5%  per  hour. 
This  ion  implanter  has  been  put  into  use  in  ion  implan¬ 
tation  applications. 

The  applications  of  ion  implantation  using  the  6(X) 
keV  heavy  ion  implanter  are  now  in  silicon  materials 
and  devices,  GaAs  and  other  compound  semiconductor 
materials  and  devices,  and  LiNbO,  optical  wave-guides, 
and  other  insulator  materials. 


'  Present  address:  Ins'itute  of  Information  Display  and  Trans¬ 
ducer.  Shanghai  Jiao  Tong  University.  Shanghai  2(X)030. 
People’s  Republic  of  China. 


2.  Applications 


2  I.  ApphcuUon  m  silicon  materials  and  devices 

High  energy  dou’oly  charged  phosphorus  (P^'*^)  was 
implanted  in  a  (100)  p-type  silicon  wafer  to  form  an 
isolation  well  in  CMOS  technology  [2).  This  technique 
results  in  a  significant  reduction  of  thermal  treatment 
time  for  n-  and  p-wells  Also,  the  better  control  over  the 
well  dopant  profiles  in  implantation  can  be  used  to 
decrease  ''>tch-up  susceptibility,  while  simultaneously 
increasing  packing  density.  However,  accompanying  the 
production  of  P^*  during  the  discharge  of  red  phos¬ 
phorus  in  the  ion  source,  P,*  is  also  produced.  Pj*  could 
turn  into  P*  and  P  with  half  energy  each  in  the  silicon. 
Contamination  is  introduced,  which  results  in  another 
peak  in  the  carrier  concentration  profile  of  the  annealed 
samples.  The  contamination  of  low  energy  P*  ions  has 
been  effectively  avoided  by  using  PFj  gas  as  discharge 
material  in  the  ion  source.  As  shown  in  fig.  1,  where  the 
low  peak  refers  to  the  implanted  P*  of  300  keV  (the 
half  energy  of  the  Pj*  ion)  and  the  P^*  energy  is  1.2 
MeV.  The  samples  were  annealed  both  by  RTA 
(1200°C,  10  s).  F’g.  2  shows  carrier  concentration  pro¬ 
files  of  the  samples  (RTA,  1200°C,  10  s)  obtained  by 
spreading  resistance  probe  measurements.  The  implan¬ 
tation  energy  is  from  0.8  to  1.2  MeV,.  at  the  same  dose 
of  4  X  lO’’  cm"^.  The  results  of  1.0  MeV  implantation 
meet  the  requirements  for  the  retrograde  well  in  CMOS 
technology:  the  peak  concentration  is  lO'^cm'^  located 
1.0  pm  from  the  surface,  the  junction  is  about  1.7  pm, 
and  the  carrier  concentration  at  the  suriace  is  less  than 
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Fig  1  The  earner  concentration  profiles  of  silicon  implanted 
with  1.2  MeV  P’*  and  annealed  (RTA,  1200 “’C,.  10  s);  (o)  ion 
source  material  is  red  phosphorus;  {•)  ion  source  matenal 
PF,-gas. 


Fig  2  The  earner  concentration  profiles  of  annealed  samples 
which  are  implanted  with  different  ion  energies  (P^*-*P 
<100>Si,4xl0''cm“%  RTA  1200°C..10s) 


2  X  lO'*  cm“-\  From  the  performances  of  CMOS  in¬ 
verter  specimen,  the  holding  current  (/p  =  oo)  and  hold-, 
mg  voltage  =  oo)  for  latch-up  of  the  CMOS  speci¬ 
men  by  implantation  are  much  higher  than  those 
{/p  =  11  mA.  =  2.9  V)  by  conventional  CMOS  tech¬ 
nology.  Furthermore,  epitaxy  to  form  isolation 

wells  IS  latch-up  free. 

The  radiation  damage  introduced  in  the  Ar^  im¬ 
planted  silicon  and  the  damage  layer  cannot  be  an¬ 
nealed  by  both  RTA  and  FA.  The  high  energy  600  keV 
Ar^  implantation  will  create  a  buried  damage  layer, 
which  could  trap  the  defects  [3].  Fig.  3  is  the  RBS-chan- 
nelling  spectrum  of  600  keV  Ar”^  implantation.  After 
the  high  energy  600  keV  Ar”^,  to  a  dose  of  4  x  lO'^ 
cm“’  and  low  energy  30  keV  to  a  dose  of  1  X  lO'^ 
cm'^  double  implantation,  and  anneahng  at  1100°C.. 
15  s,  the  perfect  layer  has  been  obtained  by  defect- 
gettenng  near  the  surface.  Silicon  photo-diode  (SPD) 
devices  can  be  fabricated  in  this  layer  with  low  leakage 
current. 

2  2  The  application  in  GaAs  and  other  compound  semi¬ 
conductor  materials  and  devices 

Samples  used  m  the  investigation  are  semi-insulated 
(S.l.)  GaAs.  SC  and  Mg”^  were  implanted  into  GaAs 
and  RTA  was  performed  with  improved  graphite  heater. 
After  using  this  technique,  a  high  activation  efficiency 
has  been  obtained,  the  activation  efficiencies  of  Si-im- 
planted  GaAs  and  Mg-implanted  GaAs  are  92  and 
100%  respectively  [4].  Carrier  concentration  profiles  of 
Mg-implanted  GaAs  wafer  annealed  by  RTA  and  FA 
are  shown  in  fig.  4.  It  can  be  seen  that  higher  peak 
concentratior s  with  negligible  redistribution  can  be 
achieved  after  RTA  at  1120°C  for  20  s.  Also  the  high 
energy  Mg”^  implantation  creating  a  p-type  buried  layer 


Fig  3  RBS-channelling  spectrum  of  a  600  keV  Ar'^  implanted  Si-wafer.  — •  .\r''  600  keV,  4x10'*  cm  ^  and  B*  30  keV,.  1  X  lO'* 
crn'MlOO^C.  15  s: - :  B*  30  keV.  1  xl0'*cm'^-1100°C,  50  s. 
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Fig.  4  The  earner  concentration  profiles  of  Mg-implanted 


and  high  energy  O  implantation  creating  a  compensa¬ 
tion  layer  in  S.I.  GaAs  have  been  used  to  improve  the 
low  concentration  tails  in  Si-implanted  GaAs  [5).  Using 
Si"^  and  Mg^  double  implantation,  the  carrier  profiles 
and  the  p-n  junction  are  determined  as  shown  in  fig.  5. 
The  Si-implanted  carrier  concentration  profile  is  nearly 
unaffected  by  the  p-buried  layer  when  the  Mg-im- 
planted  dose  is  lower  than  2  X  lO'^  cm"^,  but  ap¬ 
parently  this  changes  and  the  p-n  junction  moves  to- 


Si*Mq*-S.I  GaAs 
10  \  Si*  60keV  2xl0'’cnr’ 

:  1  Mg  600keV  3><10”cm’' 
■  1'  800’C  jOCl"  3'ineal 


I  implant 

n/  Sl*MgM  S 


Kj  'If  implant  I  , 

CLl0'‘r  i|\ 

"  ^  T'  ' 

10«  r  n-l'P  "  ’'"P'*’*  V 


0  O.A  0  8  12 
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Fig.  5.  Carrier  concentration  distnbution  plotted  with  respect 
to  depth. 


10  ,3  ij,  <5  '6  n 

10  10  10  10  10 

Doselcm"') 

Fig.  6.  Relations  of  resistance  and  implantation  dose  after  180 
keVH-"  ln,_,Ga,As,,P,_,/lnP(*;  P-lnP doped Zn.  1 X 10’“ 
cm"'.;  o  :  P  - 

InGaAsP  doped  Zn,  1  x  lO'*  cm  ' •  P-lnGaAsP  doped  Zn, 
IXlO'^cm"') 

wards  the  surface  when  the  Mg-implanted  dose  is  higher 
than  5  X  10"  em”^.  The  GaAs  MESFETs  with  f-g  =  1 
(im,  /-ns  =  4  pm  and  different  widths  were  fabricated 
on  a  Si  and  Mg  double-implanted  wafer,  and  the  uni¬ 
formity  of  the  threshold  voltage  (K,h)  of  the  GaAs 
MESFET  was  improved  21%  compared  to  that  of  Si 
single-implanted  GaAs  MESFETs.  GaAs  MESFETs 
with  a  buned  oxygen  layer  also  have  been  fabricated 
and  the  uniformity  of  the  threshold  voltage  (F,^)  of  the 
GaAs  MESFET  was  improved  31%  compared  to  that  of 
Si  single-implanted  GaAs  MESFETs. 

The  production  of  high-resistivity  regions  in  GaAs 
and  other  related  compounds  by  high  energy  (6(X)  keV) 
proton  bombardment  has  been  well  investigated.  The 
isolation  depth  was  very  deep  and  the  isolation  resis¬ 
tances  were  very  high.  GaAs  devices  were  fabricated  by 
using  H"'  implantation  to  produce  isolation  and  planar 
technology  and  achieved  high  performances  of  the  char¬ 
acteristics.  Fig.  6  shows  the  resistance  after  imj'lan 
tation  into  In,_^Ga;,ASj.P,_^/InP.  The  isolation  resis¬ 
tances  changes  from  lO'  to  10'’  52  cm  to  meet  the  needs 
of  In,  _  jGa ,  As 3  P,  _ y/ln?  devices. 

2.3.  The  application  in  LiNbO,  and  other  imulator 
materials 

LiNb03  is  the  optical  material  widely  used  in  in¬ 
tegrated  optical  circuits.  The  optical  devices  also  can  be 
made  by  ion  implantation.  We  have  investigated  the 
damage  distribution,  the  changes  of  chemical  composi¬ 
tion  near  the  surface  and  after  annealing,  after  H N 
Ar*  and  implantation  in  LiNb03.  The  experi¬ 
ments  shows  that  damage  distribution  and  nuclear  en¬ 
ergy  deposition  will  change  the  refraction  of  the  LiNb03 
material  and  an  optical  \vav>guide  can  be  made  be¬ 
cause  of  these  refraction  changes.  The  more  successful 
LiNb03  planar  wave-guides  have  been  fabricated  by 
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Table  1 

Parameters  of  LiNbOj  planar  waveguide  after  high-energy  H* 
implantation 


Implant 
eneigv 
(ke\  ;■ 

Implant 

dose 

[xlO'^cm'*] 

^8 

(theor.) 

[(im) 

Excited 

mode 

(TE) 

fik 

18C 

3 

0.64 

TEo 

21892 

180 

5 

0.64 

TEo 

2.1881 

500 

3 

2  85 

TEo 

2.1881 

TE, 

2.1736 

600 

3 

3  66 

TEo 

2.1892 

TE, 

21703 

600 

3 

3.66 

TE„ 

2.1858 

650 

3 

TE, 

21725 

TE. 

21680 

H  ^  implantation  [6],  The  H  ^  implantation  in  LiNb03 
formed  a  buried  radiation-damage  layer  because  the 
damage  by  nuclear  stopping  is  at  the  end  of  the  range. 
The  refraction  will  decrease  because  of  lattice  expansion 
by  the  stress  in  the  buried  layer,  and  a  wave-guide  layer 
is  formed  between  the  surface  and  the  buried  layer.  The 
proton  implantation  will  introduce  light  damage  in  the 
wave-guide  layer  because  of  electron  stopping  and  there 
are  no  impurities  as  scattenng  centers  in  the  waveguide 
layer.  Also  the  damage  can  be  annealed  out  by  anneal¬ 
ing  at  350  °C,  30  min  in  an  oxygen  atmosphere.  Table  1 
shows  the  parameters  of  a  LiNbO,  planar  wave-guide, 
where  is  the  thickness  of  the  planar  waveguide,  TE  is 
the  excited  waveguide  mode,  and  (j8/c”')  is  the  constant 
of  wave  propagation. 


3.  Conclusion 

This  paper  has  attempted  to  review  recent  work  in 
ion  implantation  by  using  a  600  keV  heavy  ion  im- 
planter.  The  research  has  been  performed  for  silicon, 
GaAs  and  other  compound  semiconductors,  LiNbO, 
and  other  insulator  materials.  The  research  will  be  de¬ 
veloped  to  meet  the  necessity  for  Si  and  GaAs  in¬ 
tegrated  circuits,  optical  wave-guides  and  devices  and 
other  new  materials  and  new  device  fabrication. 
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In  the  present  work  ion  beam  sputtering  of  polycrystalline  W/Th  targets  with  a  well-defined  Th  content  by  12  keV  Xe^  ions  was 
used  for  the  preparation  of  W-Th  films  in  order  to  produce  a  new  material  for  cathodes  in  light-emitting  devices  The  films, 
deposited  on  silicon  and  AKO,,  were  investigated  by  secondary  ion  mass  spectiometry  (SIMS),  electron  prone  micro-analysis 
(EPMA),  and  Auger  electron  spectroscopy  (AES).  The  films  are  close-packed  ai  d  ha/e  the  density  of  tungsten  bulk  material  It  was 
established  that  the  thorium  distribution  in  the  films  is  homogeneous.  The  thorium  is  always  activated.  The  W/Th  ratio  is 
proportional  to  the  thorium  content  m  the  taiget  Becau.se  of  the  poor  vacuum  conditions  during  the  deposition  (10  ''  Pa)  oxygen 
and  carbon  were  found  in  the  films  The  films  are  mostly  amorphous  and  seem  to  be  a  new  exciting  cathode  material  with  interesting 
properties 


1.  Introduction 

The  life-time  of  cathodes  in  light-emitting  devices  is 
in  general  limited  by  the  erosion  rate  of  the  material 
used  At  present  powder-metallurgically  made  poly- 
crystalhne  tungsten  ts  often  u.sed  for  the  production  of 
cathodes  because  ot  the  interesting  thermal  and  electri¬ 
cal  properties  v.!  £’  mgsten.  To  obtain  lower  erosion  rates 
and  better  emission  characteristics  the  tungsten  matrix 
is  doped  by  an  activator,  i  e.  a  material  with  a  low 
work-function  (eg  thorium  oxide  or  barium  oxide)  (1) 
Investigations  of  thonated  tungsten  cathodes  [2]  show 
that  the  thorium  oxide  forms  irregularly  distributed 
particles  with  a  diameter  of  a  few  micrometers.  Size, 
concentration,  and  distribution  of  the  activator  particles 
determine  the  ignition,  emission,  and  erosion  behaviour 
of  the  cathodes. 

The  intention  of  the  present  paper  is  to  show  that 
W-Th  films  produced  by  ion  beam  sputter  deposition 
(IBSD)  are  an  interesting  material  for  improving  cathode 
performance  IBSD  is  a  well  established  deposition 
technique  [3,4].  In  IBSD  a  collimated  beam  of  energetic 
noble  gas  ions  strikes  a  target  The  sputtered  particles 
impinge  on  a  nearby  substrate  and  form  a  thin  film 
there.  According  to  the  energy  distnbution  of  the 
sputtered  particles  in  IBSD  the  energy  of  the  particles 
impinging  on  the  substrate  is  much  higher  than  in 
conventional  evaporation  proce.sses.  The  sputtered  par¬ 
ticles  leave  the  target  with  a  near-cosme  distribution. 
The  energy  and  angular  distribution  of  the  sputtered 
particles  depend  on  the  energy,  mass,  and  angle  of 
incidence  of  the  sputtering  ions,  and  on  the  mass, 
chemical  bonding  states,  and  crystalline  structure  of  the 
target  [5],  There  are  different  interactions  between  the 
impinging  particles,  the  substrate  surface,  and  the  grow¬ 


ing  film  [6.7].  Using  highly  energetic  particles  for  film 
formation  even  at  low  temperatures  films  with  good 
adhesion,  high  density,  and  low  contamination  can  be 
prepared  [8.9].  The  sputtering  of  a  target  by  energetic 
ion  bombardment  often  results  in  the  reflection  of  a 
significant  fraction  of  incident  ions  as  energetic'  neutrals 
into  the  growing  film.  These  energetic  neutrals  also 
influence  the  growing  film  [10].  There  are  some  ad¬ 
ditional  advantages  of  IBSD  in  comparison  with  other 
sputtering  techniques,  for  example,  lower  background 
pre.ssure,-  independent  control  of  the  ion  energy  and  ion 
current  density.,  no  interaction  between  substrate  and 
plasma,  and  better  control  of  the  process 


2.  Experimental 

In  this  work  ion  beam  sputtering  by  12  keV  Xe^ 
ions  was  used.  The  beam  was  8  mm  in  diameter  The 
current  density  of  the  ion  beam  was  1  mA/cirr.  The 
normal  of  the  target  was  oriented  at  45°  with  respect  to 
the  pnmary  ion  beam  Substrates  for  deposition  were 
mounted  on  a  sample  holder  placed  25  mm  from  the 
target.  The  deposition  chamber  was  pumped  by  an  ion 
getter  pump.  The  pressure  within  the  vacuum  chamber 
was  1  X  10'“’  Pa  and  5  x  10“"*  Pa  during  ion  source 
operation. 

W-Th  films  with  thicknesses  from  50  to  250  nm 
were  deposited  on  crystalline  silicon  and  on  polycrystal- 
line  ADO,  substrates  The  surface  of  the  silicon  sub- 
.strates  was  polished.  The  surface  of  the  ADO,  sub¬ 
strates  .showed  a  high  roughness.  Poiycrystalline  tungs¬ 
ten  with  different  contents  of  thorium  oxide  (1.8  to  10 
mass%)  was  used  as  target  material.  Various  methods 
for  surface  analysis  have  been  used  for  investigating 
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formation  processes  and  properties  of  W-Th  filn's  by 
determining  composition,  structure  and  chemical  bond¬ 
ing  states.  The  techniques  mostly  used  are  electron 
probe  microanalysis  (EPMA),  secondary  ion  mass  spec¬ 
trometry  (SIMS),  and  Auger  electron  spectroscopy 
(AES).  These  techniques  have  both  special  features  and 
disadvantages  in  investigations  of  thin  films. 


3.  Results  and  discussion 

As  shown  by  studies  of  scanning  electron  mi¬ 
croscopy  the  W-Th  films  on  AhO,  and  Si  are  continu¬ 
ous.  The  films  on  the  AliO,  substrate  have  the  same 
roughness  as  the  substrate.  A  direct  determination  of 
the  film  thickness  is  thus  not  possible.  The  films  de¬ 
posited  on  Si  are  charactenzed  by  a  smooth  surface  and 
a  high  adhesion  to  the  substrate  surface. 

The  thickness  of  films  was  determined  by  a  surface 
profiling  device  due  to  masking  a  fixed  area  of  the 
substrate  .surface  during  deposition.  A  symmetric  distri¬ 
bution  of  film  thickness  with  a  gradient  of  10%/cm  was 
found.  The  maximum  of  the  distribution  is  located 
opposite  the  centre  of  the  area  sputtered  by  the  Xe^  ion 
beam.  The  average  film  growth  rate  is  1.2  nm/min  for 
W-Th  films  where  the  film  is  thickest. 

The  films  show  good  electrical  conductivity.  The 
specific"  rr  .istance  determined  from  four-point  probe 
measurements  is  two  orders  of  magnitude  higher  than 
that  of  metallic  tungsten  (5.5  gQ  cm) 

Because  the  application  of  EPMA,.  SIMS,  and  AES 
for  the  characterization  of  thin  films  on  rough  AUO, 


substrates  is  complicated  and  not  always  possible.  Re¬ 
sults  are  limited,  in  some  cases,  to  films  on  Si  sub¬ 
strates. 

The  SIMS  depth  profiling  for  W  and  Th  allows  an 
assessment  of  the  homogeneity  of  the  films.  The  depth 
profiles  exhibit  an  increase  in  secondary  ion  signals  at 
the  surface  and  at  the  interface  between  film  and  sub¬ 
strate.  Constant  signals  of  secondary  ions  of  the  bulk 
species  indicate  the  homogeneous  nature  of  the  film. 

Investigations  by  SIMS,  AES,  and  measurements 
with  an  electron  probe  microanalyzer  showed  that  there 
are  no  additional  impurities  in  the  layers  with  the 
exception  of  carbon  ( <  10  at.%)  and  oxygen  ( <  3  at.%). 
Measurements  by  X-ray  photoelectron  spectroscopy 
(XPS)  carried  out  for  some  samples  indicate  the  ex¬ 
istence  of  thorium  oxide,  various  tungsten  oxides  and 
tungsten  carbides  in  the  tungsten  film. 

The  thorium  oxide  will  work  as  the  activator.  It  is 
possible  to  obtain  information  concerning  the  lateral 
homogeneity  of  the  distribution  of  activators  by  X-ray 
microanalysis  [2].  These  investigations  show  that  the 
thonum  oxide  is  distributed  totally  homogeneously 
through  the  films.  Precipitates  are  not  traceable  (fig.  1). 

The  concentration  of  activators  in  the  films  can  be 
determined  by  means  of  X-ray  microanalysis  [11].  The 
concentration  of  Th  in  a  W-Th  film  produced  by  IBSD 
of  a  polycrystalline  tungsten  target  with  5%  thorium 
oxide  (mass%)  was  determined  to  be  (4±1)%  Th.  In 
general,  the  concentration  of  activator  in  the  films  is 
proportional  '  the  content  of  the  activator  in  the  target 
material.  Measurements  of  the  cathodolumi..jscen-e 
signal  (CL)  show  an  almost  homogeneous  distribution. 


Fig  1.  X-ray  microanaly.sis  of  the  W  and  Th  distribution  in  the  films  (A-values  for  the  and  the  Th,„  line.  E  -25  keV)  along 
ihe  surface  (a)  of  a  WTh  target  (distance  between  the  measuring  points  1  nm).  and  (b)  of  a  W-Th  film  on  Si  (target  WTh  50)  and  the 
resulting  distribution  of  the  thickness  d  (distance  between  the  mea.suring  points  100 p,m). 
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This  indicates  that  the  activators  in  the  films  ar.  crystal¬ 
line  without  needing  to  heat  to  high  temperatures  [2].  If 
the  thickness  of  the  film  is  known,  the  density  of  the 
deposited  film  can  be  determined  using  the  AES  con¬ 
centration  data.  The  density  of  the  deposited  films  of 
about  16  g/cm?  is  near  to  the  density  of  bulk  tungsten 
(19.3  g/cm^). 

4.  Conclusions 

The  ion  beam  sputter  deposition  has  proven  to  be  a 
useful  technique  for  producing  a  new  material  for 
cathodes  with  exciting  properties.  However,  compared 
to  other  deposition  techniques,  several  problems  remain 
to  be  solved,  such  as  low  deposition  rates  and  the 
problem  of  contamination. 
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X-ray  diffraction  studies  of  radiation  damage  in  gallium  arsenide 
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X-ray  diffraction  was  used  to  study  tlie  damage  caused  by  inn  implantations  in  gallium  arsenide  The  dependence  of  damage 
nduced  strain  (DIS)  on  various  implantation  parameters  was  investigated  It  was  found  that  the  amount  of  DIS  increases  with  ion 
mass,  dose  and  dose  rate,  while  it  decreases  with  substrate  temperature  The  thickness  of  the  damaged  layer  was  found  to  depend 
approximately  linearly  on  implantation  energy  Results  obtained  from  these  studies  were  used  to  interpret  the  annealing  behaviour  of 
n-type  impurities  (sulphur  and  seleniu.Ti)  in  GaAs.  After  implantation  these  elements  showed  upon  annealing  an  activation  energy 
which  decreased  with  increasing  implantation  temperature.  As  the  annealing  may  be  considered  to  consist  of  regrowth  of  the 
damaged  layer  and  activation  of  the  impunties,  the  activation  energies  obtained  from  annealing  experiments  should  reflect  these  two 
processes  This  means  that  the  activation  energies  found  may  vary  for  diffeient  experimental  conditions.  This  should  be  generally 
valid  for  compound  semiconductors 


1.  Introduction 

Ion  imolantation  in  compound  semiconductors  has 
been  studied  extensively  tn  the  past.  Annealing  be¬ 
haviour  and  activation  mechanisms  for  various  elements 
in  these  materials  have  been  investigated,  but  with  not 
always  consistent  results  [1-3],  Because  of  this,  implan¬ 
tation  technology  seems  to  become  something  of  an  art; 
the  implantations  needed  to  obtain  certain  material 
properties  often  cannot  be  predicted,  but  have  to  be 
determined  by  trial  and  error,  plus  a  great  deal  of 
experience.  Part  of  the  confusion  seems  to  be  due  to  a 
lack  of  knowledge  of  the  influence  various  implantation 
parameters  have  on  the  resulting  material  properties. 
While  a  great  deal  of  information  has  been  obtained  for 
silicon  over  the  years,  and  therefore  much  is  known 
about  Its  behaviour  and  properties  after  implantation, 
this  seems  not  to  be  the  case  for  compound  seimconduc- 
tors  like  GaAs  and  InP.  Just  because  these  materials  are 
compounds  with  a  very  narrow  stoichiometric  solubility 
range,  and  their  electrical  properties  strongly  depend  on 
stoichiometric  composition,  their  behaviour  after  im¬ 
plantation  IS  much  more  delicate  and  complex  than  that 
of  silicon.  Especially  the  number  of  possible  defects 
after  implantation  is,  because  of  their  structure,  much 
larger  than  for  silicon,  and  this  number  is  greatly  af¬ 
fected  by  the  way  the  implantation  parameters  are 
chosen.  It  will  be  clear  that  in  order  to  understand  the 
behaviour  of  these  compounds,  information  is  needed 
about  the  luriueiice  various  implantation  parameters 
have  on  the  defects  generated  during  implantation. 

There  are  various  techniques  for  studying  defects  in 
semiconductor  crystals.  For  low  defect  concentrations 
techniques  like  deep  level  transient  spectroscopy  (DLTS) 


or  photo-luminescence  (PL)  may  be  used,  while  for 
nearly  or  completely  amorphous  layers  Rutherford  back 
scattering  (RBS)  is  mainly  used,  often  combined  with 
channeling  of  the  ion  beam.  There  are  also  studies 
where  ellipsometry  has  been  used  for  measuring  the 
thickness  of  damaged  layers  [4].  Recently  X-ray  diffrac-. 
tion  (XRD)  was  used  by  Speriosu  to  study  the  strain 
induced  by  implantation  damage  in  semiconductor 
material  [5-7]. 

The  advantage  of  using  XRD  is  that  n  i-  .sensitive  to 
low  defect  concentrations  while  also  high  concentra¬ 
tions  can  be  measured  (up  to  the  threshold  of  amorphi-- 
zation).  Furthermore,  it  does  not  require  any  sample 
preparation.  The  main  disadvantage  of  this  technique 
lies  in  the  fact  that  it  is  not  a  direct  one.  Defect 
concentrations  can  not  be  obtained  directly  from  mea¬ 
surements.  Rather  the  diffractograms  (rocking  curves) 
have  to  be  simulated  by  computer  until  a  fit  is  obtained 
between  them  and  the  measurements.  The  technique 
being  quite  sensitive  also  means,  unfortunately,  that 
simulation  may  become  rather  time  consuming.  Never¬ 
theless,  it  seems  a  good  alternative  to  be  used  besides 
other  techniques. 

We  present  here  a  study  of  the  influence  of  various 
implantation  parameters  on  the  strain  that  is  induced 
by  the  created  damage,  and  the  implications  these  have 
on  the  annealing  behaviour  of  n-type  impurities  in 
GaAs. 


2.  Experimental 

Undoped  LEC-grown  GaAs  substrates  were  cut  into 
approximately  2  cm^  pieces  and  then  implanted,  in  a 
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nonchanneling  direction,  with  noble  gas  ions  (helium, 
neon,  argon  or  krypton).  For  most  implantations  the 
energy  was  chosen  proportional  to  the  ion  mass;,  typi¬ 
cally  7-9  keV/amu.  For  energies  below  300  keV  singly 
charged  ions  were  used,  but  for  higher  energies  doubly 
charged  ions  had  to  be  used.  The  implantation  tempera¬ 
ture  was  either  room  temperature  or  higher  (100  °C  to 
600  °C).  Doses  were  chosen  in  the  range  1  x  10‘^  to 
3  X  lO'^  cm"  ,  depending  on  the  ion.  The  dose  rate  was 
chosen  such  that  substrate  heating  was  avoided. 

Immediately  after  implantation  the  amount  of  strain 
in  the  crystal  was  measured  using  a  Philips  five-crystal 
diffractometer  [8].  The  rocking  curve  around  the  (004) 
Bragg  reflection  was  used  to  determine  the  amount  of 
strain. 

For  some  of  the  implantations  the  strain  profile  was 
obtained  by  simulating  the  rocking  curves  using  Bede 
Scientific  Instruments  dynamical  simulation  program 
(RADS),  which  solves  the  Takagi-Taupin  equations 
[9,10].  Strain  profiles  were  compared  to  recoil  and  de¬ 
posited  energy  profiles  obtained  from  Monte  Carlo 
calculations  (, RIM-89)  [11]  for  the  case  of  an  argon 
implant  in  an  unheated  substrate. 

In  order  to  study  the  annealing  behaviour  of  n-type 
impurities  in  GaAs,  2  X  lO'"*  cm'^  sulphur  or  selenium 
ions  were  implanted  in  undoped  substrates  at  room 
temperature  or  at  400  °C.  Sulphur  was  implanted  at  an 
energy  of  140  keV  and  selenium  at  300  keV.  The  sam¬ 
ples  where  annealed  in  a  Heatpulse  RTF  furnace  for  5  s 
in  an  Hj/Ar  ambient,  using  a  silicon  wafer  as  cap.  Hall 
measurement,  was  used  to  obtain  the  activated  fraction 
of  dopant  atoms. 


3.  Results  and  discussion 

A  typical  diffractogram,  in  this  case  of  a  1  x  lO'^ 
cm“^  argon  implantation  at  300  keV  into  a  substrate  at 
room  temperature,  is  shown  in  fig.  1,.  together  with  a 
simulated  diffractogram.  The  signal  of  the  implanted 
layer  lying  on  the  low  angle  side  of  the  substrate  peak 
indicates  an  expansion  of  the  lattice  after  implantation. 
The  amount  of  strain  is  determined  from  the  position  of 
the  largest  peak  relative  to  the  substrate  peak,  using  the 
equation 

8a  _  -8tf 

a  tan  Sb  ’  ' 

where  86  is  the  angle  between  the  substrate  peak  and 
the  peak  of  the  strained  layer,  and  6^  is  the  Bragg  angle 
(33°  for  the  GaAs  (004)  reflection).  For  the  case 
shown  in  fig.  1,  an  angle  of  300  arc  sec  between  the 
substrate  peak  and  the  peak  of  the  strained  layer  gives  a 
strain  corresponding  to  a  0.22%  lattice  mismatch.  The 
thickness  of  the  strained  layer  may  be  determined  from 


angle  (arcsecs) 


Fig.  1.  Measured  ( - )  and  simulated  ( - )  rocking 

curve  for  argon  implantation  at  300  keV  end  loom  tempera¬ 
ture 


the  interference  fringes  (Pendellbsung)  between  the  sub¬ 
strate  and  strained  layer  peak,  using  the  equation 

Xsin(2«B-^) 

80  sin  2^8  ^ 

where  \  is  the  wavelength  (1.54  A  for  CuK„,).  6  the 
angle  at  which  the  period  is  measured  and  80  the  fringe 
period.  The  simulated  strain  profile  is  shown  in  fig.  2, 
together  with  the  profile  of  recoils  and  argon  ions,  as 
determined  by  Monte  Carlo  calculation.  We  found  that 
the  strain  profile  follows  the  recoil  profile  closer  than 
the  deposited  energy  profile  from  the  same  Monte  Carlo 
calculations,  in  disagreement  with  other  work  [5]. 

Fig.  3  shows  the  strain  versus  dose  for  different  ion 
species,  implanted  at  room  temperature.  As  also  re¬ 
ported  by  other  workers  [6],  the  strain  increases  with 
increasing  dose  up  to  a  certain  saturation  level..  Increas¬ 
ing  the  dose  above  this  level  does  not  appreciably  alter 


depth  (Angstrom) 

Fig.  2.  Strain  ( - )  and  recoil  ( - )  profile  for  argon 

implantation  at  300  keV  and  room  temperature. 
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Fig.  3  Strain  versus  ion  dose  (cm“^)  for  He  (•),  Ne  (^),  Ar 
(■)  and  Kr  (a)  implanted  at  room  temperature.  Dose  is  shown 
in  log  units. 


the  strain,  but  affects  the  reflecting  power  of  the  strained 
layer.  We  suggest  that  this  is  either  due  to  plastic 
deformation  or  partial  amorphization  of  the  implanted 
material.  Also  shown  in  the  figure  is  the  dependence  of 
the  strain  on  ton  species.  The  amount  of  strain  increases 
with  ton  mass,  as  would  be  expected. 

Increasing  the  substrate  temperature  during  implan¬ 
tation  has  a  pronounced  effect  on  the  strain,  as  shown 
in  fig.  4.  The  strain  decreases  when  the  temperature  is 
increased,  even  for  temperatures  below  100  ®C.  For 
sufficiently  high  temperatures  the  strain  vanishes  almost 
completely,  even  for  the  heaviest  ions.  This  would  indi¬ 
cate  that  the  radiation  damage  may  be  reduced  consid¬ 
erably  by  increasing  the  substrate  temperature  during 
implantation.  As  it  is  generally  more  difficult  to  anneal 
substrates  implanted  with  heavy  ions,  and  the  activated 


energy  (keV) 

Fig.  5.  Thickness  versus  implantation  eneigy  for  an  argon 
implant  at  room  temperature,  fluence  1 lO”  cm“‘. 


fraction  of  heavy  dopant  atoms  after  annealing  tends  to 
be  much  lower  than  that  of  light  atoms,  much  may  be 
gained  by  implanting  heavy  atoms  at  elevated  tempera¬ 
tures,  as  will  be  shown  later  on. 

The  thickness  of  the  strained  layer  increases  almost 
linearly  with  ion  energy,  as  shown  in  fig.  5.  The  values 
were  obtained  from  the  diffractograms  by  means  of  eq. 
(2).  for  an  implantation  of  1  X  lO'^  cm~^  argon  ions  at 
room  temperature.  Also  shown  m  this  figure,  as  refer¬ 
ence,  is  the  projected  range  plus  standard  deviation 
according  to  TRIM  calculations.  The  amount  of  strain, 
not  shown  here,  was  found  to  be  independent  of  energy. 

The  amount  of  strain  does,  however,  depend  on  dose 
rate,  as  is  shown  in  fig.  6.  For  an  argon  implant  at  300 
keV  and  room  temperature,  the  strain  first  increases 
gradually  with  increasing  dose  rate,  until  a  threshold 
rate  is  reached,  after  which  the  amount  of  strain  in¬ 
creases  dramatically.  The  decrease  in  strain  for  the 
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Fig  4.  Strain  versus  temperature  for  He  (•;,  Ne  (4),  Ar  (!.«) 
and  Kr  (a),  fluence  IxlO'^  cm"^,-  except  for  He  (Sx!©’"* 
cm'^). 
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Fig  6  Slrain  versus  ion  current  for  IxlO”  cm“^  argon 
implant  at  300  keV  and  room  temperature. 
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Fig.  7,  Active  fraction  for  sulphur  and  selenium  implanted 
2x10''*  cm'^  in  GaAs  at  room  temperature  or  400” C  and 
annealed  for  5  s. 


highest  dose  rate  measured,  as  shown  in  fig.  6,  may  be 
due  to  substrate  heating. 

In  order  to  see  more  clearly  what  these  studies  imply 
for  the  effect  of  implantation  parameters  on  the  anneal¬ 
ing  behaviour  of  dopant  atoms,  we  implanted  sulphur 
and  selenium  in  GaAs  substrates,  both  at  room  temper¬ 
ature  and  at  400  °C.  The  activation  after  a  5  s  heat 
treatment  is  shown  tn  fig.  7.  Implanted  at  room  temper¬ 
ature,  the  '.wo  dopant  species  show  a  different  annealing 
behaviour,  characteitted  by  a  different  activation  en¬ 
ergy.  Implanted  at  liigh  temperature,  this  difference 
disappears  completel>.  As  the  figure  also  shows,  the 
effect  of  increased  implantation  temperature  ts  much 
stronger  for  heavy  ions,  consistent  with  the  results  shown 
111  fig.  4. 


4.  Conclusions 

X-ray  diffraction  was  used  for  studying  radiation 
damage  in  compound  semiconductors.  It  was  found  that 
various  implantation  parameters  have  a  pronounced 
effect  on  the  amount  of  strain  in  the  material  after 
implantation.  This  is  reflected  in  the  annealing  be¬ 
haviour  of  n-type  impurites.  It  also  means  that  care 
must  be  taken  when  trying  to  model  the  activation 
mechanism  of  dopants  in  compound  semiconductors, 
such  as  gallium  arsenide. 
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Defect  production  in  ion  implanted  GaAs,  GaP  and  InP 

E.  Wendler,  W.  Wesch  anti  G.  Gotz 

Fnedrich-Schiller-Vnwersital  Jena,  Insutut  fur  Festkorperphysik,  Max-Wten-Platz  I,  Jena.  0-6900,  Germany 


The  defect  prixiuction  in  InP,  GaP  and  GaAs  after  room  temperature  and  80  K.  implantation  is  investigated  by  means  of 
Rutherford  backscattenng  (RBS)  and  optical  absorption  spectroscopy  The  influence  of  defect  .ransformation  and  annealing 
processes  dunng  the  implantation  is  much  more  essential  m  GaAs  than  in  the  other  two  /l|i|fiv  compounds.  In  the  phosphides  the 
primarily  produced  defect  clusters  seem  to  be  almost  stable,  and  the  crystalline-to-amorphous  transition  proceeds  via  an  accumula¬ 
tion  process  In  GaAs  first  of  all  point  defects  and  point  defect  complexes  are  produced,  amorphous  regions  being  generated  by  a 
collapse-hke  process. 


1.  Introduction 

In  /<ii|fiv  semiconductors  the  influence  of  the  im¬ 
plantation  parameters  on  the  defect  structure  resulting 
after  ion  implantation  are  much  more  pronounced  than 
in  the  elementary  semiconductor  St.  In  GaAs,  a  re¬ 
markable  decrease  of  the  resulting  defect  concentration 
for  implantation  temperatures  near  room  temperature 
as  compared  to  low  temperature  implantation  occurs.  In 
several  /4|||Bv  compounds  defect  annealing  after  warm¬ 
ing  up  of  low  temperature  implants  to  room  tempera¬ 
ture  IS  observed  (see,  e.g„  refs,  (1-41),  Furthermore,  the 
current  density  influences  the  defect  concentration  pro¬ 
duced  (5 -7). 

Most  of  the  investigations  concerning  defect  produc¬ 
tion  in  /fiii^v  semiconductors  were  performed  at  room 
temperature,and  the  problem  of  low  temperature  im¬ 
plantation  is  discussed  only  in  a  few  papers  Further¬ 
more,  a  direct  comparison  of  defect  generation  in  differ¬ 
ent  /fiii^v  compounds  implanted  at  identical  condi¬ 
tions  IS  lacking.  Preliminary  investigations  of  the  defect 
production  in  vanous  compounds  indicate  remarkable 
differences  pointing  at  different  defect  creation  mecha¬ 
nisms  occurring  m  these  materials  (8).  To  give  a  contri¬ 
bution  to  the  understanding  of  these  processes,  in  this 
paper  results  of  a  comparative  study  of  the  defect 
production  in  InP,  GaP  and  GaAs  at  room  temperature 
and  at  80  K  are  presented. 


2.  experimental 

Single  crystals  of  (100)  n-doped  GaAs,  GaP  and 
InP  were  implanted  with  200  keV  Ar^  ions  at  implanta¬ 
tion  temperatures  of  r,  =  80  and  300  K.  The  different 


materials  were  implanted  together  under  identical  con¬ 
ditions. 

The  implanted  samples  were  analyzed  by  means  of 
Rutherford  backscattering  spectrometry  in  combination 
with  the  channeling  technique  (RBS)  using  1.4  MeV 
He  ^  ions  and  a  backscattering  angle  of  ^  =  170°.  From 
the  energy  spectra  of  the  backscattered  He^  tons  the 
relative  defect  concentration  A'/^o  i^o-  atomic' den¬ 
sity)  was  calculated  in  the  framework  of  the  two-beam 
approximation  introduced  by  Bogh  (see.  e.g..  [9])  as  a 
function  of  the  depth  c.  The  integral  concentration  of 
defects  contributing  to  the  direct  backscattering  of 
the  He"^  ions  was  obtained  by  integrating  N'(z)/Ny 
over  the  damaged  depth  region. 

Additionally,  the  optical  transmission  of  the  im¬ 
planted  samples  was  measured  in  the  frequency  range 
below  the  fundamental  absorption  edge  (0.5  <,  hur^\.3 
eV  m  the  case  of  GaAs  and  InP;  1.4  S  Aea  i  2.2  eV  in 
the  case  of  GaP).  The  absorption  exponent  Kd  (K: 
absorption  coefficient  and  d:  thickness  of  the  implanted 
layer)  was  calculated  on  the  basis  of  a  two-layer  ap¬ 
proximation  [10],  taking  into  account  a  refractive  index 
change  in  the  implanted  layer  between  An/n^  =  1%  for 
weakly  damaged  layers  and  =  10%  in  the  case  of 

amorphized  material  [11,12], 

For  several  GaAs  samples  the  optical  absorption 
measurements  were  combined  with  successive  chemical 
etching  of  the  implanted  layer  to  determine  the  depth 
distribution  of  the  absorption  coefficient  [13], 

In  order  to  compare  the  results  for  the  various 
semiconductors  the  depth  profile  of  the  total  vacancy 
concentration  was  calculated  using  the  TRIM 

87  Monte  Carlo  code  [14],  By  normalizing  the  vacancy 
concentration  which  is  connected  with  the  energy 
deposited  m  nuclear  processes,  to  the  atomic  density  Nq 
one  has  a  useful  quantity  to  compare  the  defect  produc¬ 
tion  in  the  various  compounds. 
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3.  Results  and  discussion 

in  fig.  1  the  depth  distributions  of  the  relative  defect 
concentration  N'/Nq  are  depicted  for  implantation  at 
T]  =  80  K  in  InP  (fig.  la),  GaP  (fig.  lb)  and  GaAs  (fig. 
Ic).  Comparing  these  profiles  with  the  profiles  of  the 
total  vacancy  concentratioi  calculated  by  TRIM,  a  good 
accordance  is  to  be  seen  concerning  the  shape  and  the 
depth  position  of  the  profiles  for  all  compound  maten- 
als  investigated.  Therefore,  it  can  be  concluded  that 
primary  defect  production  as  well  as  secondary 
processes,  which  occur  during  implantation  and  during 
warming  up  of  the  samples  to  room  temperature,  can  be 
related  to  the  energy  density  deposited  in  nuclear 
processes. 

In  the  case  of  InP  (see  fig.  la)  the  concentration  of 
defects  increases  nearly  linearly  with  the  total  con¬ 
centration  of  vacancies  produced.  Such  a  behaviour 
points  at  amorphization  via  heterogeneous  defect 
nucleation  [15).  Processes  of  defect  transformation  and 
annealing  do  not  seem  to  be  essential,  at  least  the 
influence  of  them  does  not  depend  on  the  vacancy 
concentration  primarily  produced  during  the  implanta¬ 
tion 

Comparing  with  the  results  obtained  with  InP  the 
situation  IS  changed  for  GaAs  and  GaP.  No  linear 
relation  occurs  between  N'/Nq  and  N^^^.  From  figs,  lb 
and  c  it  can  be  seen  that  the  concentration  of  defects 
per  number  of  vacancies  primarily  produced  increases 
with  increasing  ion  dose.. 

The  total  vacancy  concentration  necessary  for 
amorphization  at  T]  =  80  K  is  5.7  x  10^'  cm"’’  for  InP, 
5.2  X  10^'  cm"^  for  GaP  and  13  X  10*’  cm'’  for  GaAs 
(see  fig.  1),  which  corresponds  to  15%,  11%  and  29%  of 
the  atomic  densi'y  of  the  respective  material.  The  value 
for  GaAs  is  significantly  higher  than  that  for  the  two 
phosphides.  Taking  further  into  account  the  nonlinear 
relation  between  N'/Nq  and  A'^ac  2**  mentioned  above, 
it  can  be  concluded  that  in  GaAs  defect  transformation 
and  annealing  daring  the  implantation  are  of  greatest 
importance. 

The  results  obtained  for  GaP  indicate  that  the  defect 
clusters  primarily  produced  are  almost  stable,  at  least  at 
high  ion  doses  and  therefore,  the  relative  vacancy  con¬ 
centration  necessary  for  amoiphization  is  lower  than  for 
GaAs  but  comparable  to  the  value  estimated  for  InP. 

Fig.  2  shows  the  dose  dependence  of  the  integral 
defect  concentration  Nq  and  of  the  absorption  exponent 
Kd  (at  a  frequency  near  the  band  edge:  /iw  =  1.3  eV  for 
GaAs,  hu  =  2.1  eV  for  GaP  and  hu  =  1.24  eV  for  InP) 
normalized  to  their  maximum  values  Aj and  ( )„,„, 
respectively,  for  T,  =  80  K  and  T,  =  300  K.  It  should  be 
mentioned  that  N^  is  mainly  sensitive  to  heavily 
damaged  and  amorphous  regions  whereas  Kd  is  caused 
simultaneously  by  point  defects  and  by  amorphous  re¬ 
gions.  Therefore,  the  comparison  of  Aj/AJ"”*  and 
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Fig  1  Depth  profiles  of  the  relative  defect  concentration 
N  /Nq  and  of  the  total  vacancy  concentration  calculated 
by  TRIM  87  for  200  keV  Ar"*^  implantation  in  (a)  InP,  (b)  GaP 
and  (c)  GaAs  at  T,  =  80  K. 
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Kd/(Kd)^^^  yields  information  about  the  kind  of  de¬ 
fects  existing  in  the  implanted  layers. 

In  the  case  of  Ar"^  implantation  in  InP  at  both 
temperatures  and  Kd/fKd)^^^  are  in  good 

accordance  with  each  other  in  a  wide  dose  range  {lower 
part  of  fig.  2).  Only  for  small  fluences  (A^,  ^  1  X  lO’^ 
crr“^)  Kd/(Kd)^^^  exceeds  A’j/A’j'"®*.  As  mentioned 
above  this  should  be  a  consequence  of  the  existence  of 
point  defects  and  point  defect  complexes. 

That  means  in  InP  for  ion  fluences  A,  ^  1  X  10'^ 
cm”^  almost  only  heavily  damaged  clusters  occur.  The 
influence  of  the  implantation  temperature  is  weak;  for 
room  temperature  implantation  the  damage  production 
IS  only  shifted  to  higher  ion  fluences  by  a  factor  of 
about  1.4.  These  results  confirm  the  already  drawn 
assumption  of  heterogeneous  defect  nucleation  in  InP  in 
connection  with  a  weak  influence  of  defect  annealing 
during  the  implantation. 

In  Ar^  implanted  Gap  the  differences  between 
N^/NJ^  and  Kd/(Kd)^^^  as  well  as  between  the 
results  obtained  for  T,  =  80  K  and  T^  =  300  K  are  more 
pronounced  than  in  InP  (cf.  middle  and  lower  part  of 
fig.  2).  For  T]  =  300  K,  is  shifted  to  higher 

ion  fluences.  and  the  slope  of  the  curve  is  smaller  than 
for  T",  =  80  K.  The  more  significant  dose  shift  observed 
for  Ti  =  300  K  in  GaP  compared  to  InP  indicates  a 
higher  influence  of  defect  transformation  and  annealing 
on  the  damage  production  in  GaP  than  m  InP.  This 
assuniption  is  confirmed  by  the  fact  that  for  room 
temperau're  implantation  in  GaP  point  defects  are  more 
essential  than  m  InP,  which  can  be  deduced  from  the 
considerably  higher  values  of  Kd/(Kd)^j,^  for  GaP. 

In  the  upper  part  of  fig.  2  Aj/AJ""  and  Kd/ 
I A  l)mi\  illustrated  for  implantation  in  GaAs  per- 


and  normalued  absorption  exponent  Kd/(Kd)„^^  (Aw  =1.24 
eV  for  InP.  Aw  =  2.1  eV  for  GaP  and  Aw  =  1  3  eV  for  GaAs) 
versus  the  ion  fluence  for  200  keV  Ar^  implantation  in 
InP.  GaP  and  GaAs  at  T]  =  80  K  and  in  InP  and  GaP  at 
r,  =  300  K 


Fig.  3.  Normalized  integral  defect  concentration  Aj/Nj™*  and  normalized  absorption  exponent  Kd/(Kd)^_,^  (Aw  =  1  3  eV)  versus 
the  ion  fluence  A,  for  200  keV  Ar '  implantation  in  GaAs  at  T,  =  300  K 
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formed  at  Ti  -  80  K..  Comparing  these  curves  with  the 
corresponding  curves  for  Gap  and  InP  it  is  obvious  that 
in  GaAs  the  strongest  increase  of  occurs  wiih  in¬ 
creasing  ion  fluence  and  the  highest  difference  in  the 
shape  of  Aa/A’d"”**  ^nd  Kd/(Kd)^^^  is  observed  there. 
Within  the  overlap  damage  model  of  amorphization  [16] 
the  sharp  increase  of  Aj  with  the  ion  fluence  indicates  a 
high  number  of  overlaps  to  be  necessary  for  the 
amorphization  of  GaAs.  Further,  considering  the  high 
concentration  of  point  defects  for  ion  fluences  A?,  i  1.5 
X  10’’  cm^^,.  these  results  give  a  hint  of  collapse-hke 
processes  of  amorphization  in  GaAs  dunng  Ar'^  im¬ 
plantation  at  r,  =  80  K.  This  also  correlates  with  the 
nonlinear  increase  of  the  defect  concentration  N'/Nq 
(see  fig.  Ic)  as  a  function  of  the  total  vacancy  con¬ 
centration  produced  during  the  implantation. 

The  results  for  room  temperature  implantation  in 
GaAs  are  shown  in  fig.  3  This  implantation  was  per¬ 
formed  at  another  implanter  and  therefore,  the  experi¬ 
mental  data  are  not  included  in  fig.  2.  Nevertheless,  the 
most  pronounced  difference  between  Ad/A'd'"*'  and  Kd 
/(Kd)„j^^  for  Ar^  implantation  in  GaAs  at  7]  =  ^00  K 
IS  clearly  illustrated.  Heavily  damaged  regions  occur 
only  for  fluences  A,  >4  X  lO’’  cm~‘,  whereas  the  ab¬ 
sorption  exponent  reaches  already  about  70%  of  its 
maximum  value  at  this  ion  fluence.  This  high  amount  of 
absorption  is  caused  by  point  defects  as  it  was  de¬ 
termined  by  the  analysis  of  the  spectral  dependence  of 
Kd{hu)  [8].  To  investigate  the  origin  of  these  point 
defects  depth-dependent  absorption  measurements  were 
performed  on  GaAs  samples  implanted  with  A|  =  1  x 
lO”  cm‘^  and  A,  =  3  x  lO'-’  cm'^  at  7,  =  300  K.  The 
resulting  profiles  of  the  absorption  coefficient  K  are 
given  in  fig  4.  A  good  correspondence  with  the  vacancy 
concentration  i.e.,-  to  the  energy  density  deposited 
in  nuclear  processes  (dashed  lines  in  fig  4)  is  observed 
Furthermore,  it  can  be  seen  that  the  effectiveness  of  the 
creation  of  point  defects  decreases  with  increasing 
an  absorption  coefficient  in  the  maximum  of  the  profile 
of  '.9  X  10‘'  cm“'  IS  related  to  a  vacancy  concentration 
of  A',  ,^  =  4  X  10^'  cm“’  at  A,  =  1  x  ]0'’cm' whereas 
at  A,  =  3  X  lO'^  cm'^  a  value  of  A  =  3,1  X  10“  cm”  ' 
corresponds  to  =  12  X  10^'  cm”\.  This  effect  re¬ 
flects  the  saturation  behaviour  of  point  defect  produc¬ 
tion  in  ion  implanted  GaAs  [11].  Further,  point  defects 
are  mobile  to  some  extent  and  diffuse  deeper  into  the 
crystal  than  it  would  be  expected  from  the  profile 
A^jJz).  This  effect  intensifies  with  increasing  ion 
fluence  (cf.  the  profiles  of  K  for  A,  =  1  x  lO'^  cm”  ^ 
and  A|  =  3  X  lO'^  cm~^  in  fig.  4,  see  ref.  [13]). 

These  results  show  that  in  GaAs  at  both  tempera¬ 
tures  for  low  ion  fluences  the  energy  deposition  in 
nuclear  processes  results  in  the  production  of  point 
delects  and  point  defect  complexes.  For  implantation  at 
7,  =  80  K  amorphization  seems  to  be  achieved  in  the 
form  of  collapse-like  processes.  For  7,  =  300  K, 
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Fig  4  Depth  profiles  of  the  absorption  coefficient  A  ( /no  =  1  3 
eV)  and  of  the  total  vacancy  concentration  A,^,^  calculated  by 
TRIM  87  for  200  keV  Ar^  implantation  in  GaAs  at  7|  =  300 
K  with  ion  fluences  A,  =  1  X  10''cm”*  and  3 x  lO'-’ cm”’ 

Aj/Ad""'*  increases,  but  not  so  strongly  as  for  7,  =  80 
K.  indicating  that  heavy  clusters  created  are  able  to 
dissociate,  possibly  due  to  the  high  mobility  of  point 
defects  during  implantation  at  room  temiperature. 


4.  Summary 

The  results  of  RBS  and  optical  ab.sorplion  measure¬ 
ments  of  identically  implanted  InP,  GaP  ?nd  GaAs 
samples  show  that  the  three  materials  behavc  differently 
with  respect  to  defect  creation. 

In  GaAs  the  influence  of  defect  transformation  and 
annealing  processes  dunng  the  implantation  is  much 
more  essential  than  in  the  two  phosphides  investigated 
As  a  consequence  of  these  processes  a  high  concentra¬ 
tion  of  point  defects  and  point  defect  complexes  occurs 
b  ifore  amorphous  clusters  are  produced,  thus  pointing 
at  amorphization  via  collapse-hke  processes,  especially 
for  7,  =  80  K. 

On  the  contrary,  in  InP  defect  transformation  and 
annealing  during  the  implantation  .seem  not  to  be  essen¬ 
tial  and  the  defect  clusters  primarily  produced  are  al¬ 
most  stable  at  both  temperatures  investigated.  These 
results  indicate  a  crystalline-to-amorphous  transition  via 
an  accumulation  process  (heterogeneous  defect  nuclea- 
tion). 

In  the  case  of  GaP  the  difference  between  defect 
production  at  7,  =  80  K  and  7|  =  300  K  is  more  pro¬ 
nounced  than  in  InP.  During  room  temperature  implan¬ 
tation  defect  transformation  and  annealing  are  of  im¬ 
portance.  possibly  resulting  in  a  reduction  of  the  size  of 
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the  clusters  primarily  produced,  and  amorphization 
seems  to  be  achieved  by  accumulation  of  the  remaining 
defect  clusters.  For  7,  =  80  K  the  increase  of  the  in¬ 
tegral  defect  concentration  as  a  function  of  the  ion 
fluence  is  stronger  than  it  would  be  expected  for  hetero¬ 
geneous  defect  nucleation.  A  possible  explanation  of 
this  behaviour  may  be  given  by  a  model  proposed  by 
Carter  and  Webb  [17],  In  this  paper  amorphization  was 
assumed  to  occur  by  the  accumulation  of  heavily 
damaged  clusters  primarily  produced,  and  by  the  over¬ 
lap  of  weakly  damaged  regions  existing  in  the  outer  part 
of  the  damaged  regions. 

Up  to  now,  no  conclusive  explanation  can  be  given 
concerning  the  substantial  differences  in  the  defect  pro¬ 
duction  during  implantation  into  arsenides  on  the  one 
hand,  and  into  phosphides  on  the  other  hand  [8].  Simi¬ 
lar  results  were  found  by  investigating  defects  in  flash- 
evaporated  amorphous  III-V  compounds  [18,19}.  In 
these  papers  the  different  results  obtained  for  InP  and 
GaP  on  the  one  hand  and  for  GaAs  on  the  other  hand 
were  related  to  the  different  binding  properties  of  P  and 
As  atoms.  It  seems  to  be  possible  that  this  is  also  the 
reason  responsible  for  the  differences  observed  in  the 
case  of  ion  implantation  induced  defects 
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Ion  implantation  is  of  technological  importance  in  the  preparation  of  doped  semiconductors.  Raman  spectroscopy  is  a  very 
sen.sitne  and  nondestructive  tool  useful  for  obtaining  information  about  the  state  of  a  material  and  to  distinguish  the  original 
crystalline  structure  and  the  damaged  lattice.  In  this  paper,  the  variations  of  the  Raman  spectra  for  Si-impIanted  (lOO)GaSb  with 
vaiious  doses  and  energies  were  investigated  In  order  to  heal  the  damage  layer,  conventional  furnace  annealing  (FA)  as  well  as  rapid 
thermal  annealing  (RTA)  were  used  From  these  spectre  we  found  that  the  quality  of  the  recovered  layer  will  be  improved  with 
higher  annealing  temperatures  and  longer  annealing  times  Also,  rapid  thermal  annealing  showed  better  results  in  comparison  wiiii 
conventional  furnace  annealing.  The  best  recovery  of  the  damage  layer  for  Si-implanted  (1  xlO'^  cm'  150  keV)  GaSb  was  at 
6(X)°C  for  30  s  by  rapid  thermal  annealing. 


I.  Introduction 

In  recent  years,  ton  implantation  technology  has 
become  very  important  in  the  preparation  of  doped 
.semiconductors.  It  has  numerous  advantages  over  diffu¬ 
sion.  the  most  important  of  these  being  reproducibility,, 
good  dopant  profile  control,  uniformity  and  the  high 
speed  of  the  doping  process  During  ion  implantation, 
the  lattice  damage  produced  by  the  energetic'  ions  must 
be  removed  by  a  sub.sequent  annealing  process  to  achieve 
electrical  activation  of  the  dopants. 

Raman  .spectroscopy  is  probably  the  mo.st  u.seful 
method  available  to  study  lattice  vibrations  and  their 
interactions  with  other  excitations  [1|  Many  experi-- 
ments  have  shown  the  characterization  of  lon-implanted 
II I- V  semiconductors  based  on  Raman  spectra  [2,3], 
The  Raman  spectra  measurements  were  made  at  room 
temperature  in  a  qua.si-backscattering  geometry  with  the 
5145  A  line  of  an  Ar^  laser.  The  penetration  depth  of 
the  light  is  about  1000  A.  which  is  approximately  the 
same  as  the  density  distribution  of  the  implanted  ions. 
Therefore,  Raman  scattenng  is  a  convenient  tool  to 
evaluate  the  structural  properties  after  ion  implantation 

GaSb  IS  a  zincblende-type  semiconductor  which  at 
the  ^  =  0  (center  of  the  first  Brillouin  zone)  optical 
phonon  mode  splits  into  longitudinal  (1,0)  and  trans¬ 
verse  (TO)  modes  [4).  In  this  paper,  we  report  a  series  of 
Raman  spectra  from  GaSb  samples  which  have  been 
implanted  with  Si  ions.  We  will  consider  the  broadening 
of  Raman  .spectra  with  increasing  dose  and  energy,  and 
investigate  the  change  of  Raman  intensity  from  subse¬ 


quent  annealing-induced  “healing"  of  the  damage  layer 
by  conventional  furnace  annealing  (FA)  and  rapid  ther¬ 
mal  annealing  (RTA). 


2.  Experimental 

The  materials  studied  were  undoped  (lOO)GaSb  un- 
implanted  and  implanted  with  Si  at  a  do.se  of  1  X  lO’’ 
to  1  X  lO"  cm"*  at  room  temperature  with  the  ion 
beam  at  7°  off  the  normal,  and  energy  ranging  from  70 
keV  to  150  keV 

For  the  annealing  studied,  some  of  the  Si-implanted 
samples  (1  x  lO''  cm  A  150  keV)  were  annealed  at 
500 °C  from  20  min  to  40  min  with  flowing  nitrogen 
and  no  encapsulate  in  a  conventional  furnace,  while  the 
other  samples  were  annealed  in  an  RTA  furnace  with 
the  .surface  protected  by  the  proximity  method  [5]  at 
temperatures  of  400  °C,  500  °C  and  600  °C.-  respec¬ 
tively. 

The  Raman  scattering  experiments  were  performed 
in  backscattering  geometry  from  the  (100)  surface  of  the 
.samples  using  an  Ar^  ion  laser.  For  III-V  compound 
semiconductors  having  the  zincblende  crystal  structure, 
in  .scattering  by  the  (111)  orientation  both  TO  and  LO 
modes  are  allowed  in  the  Raman  spectra,  while  in 
.scattering  by  the  (100)  orientation  only  the  LO  mode  is 
permitted  and  the  TO  mode  is  forbidden  by  the  selec¬ 
tion  rules  [6i; 

The  la.ser  output  power  was  fixed  at  200  mW  .so  as  to 
avoid  excess  heating  of  the  .samples  and  was  focu.sed 
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onto  the  samples  using  a  cylindrical  lens.  The  scattered 
light  was  analyzed  using  a  standard  double-grating 
spectrometer  in  photo-counting  mode,  with  a  spectral 
resolution  of  about  2  cm“'. 


3.  Results  and  discussion 

Fig.  1  displays  the  Raman  spectrum  of  the  unim- 
planted  GaSb  wafer.  In  our  experiments,  we  found  a 
strong  peak  at  226  cm"'  and  a  weak  peak  at  220  cm"' 
which  belong  to  the  LO  and  TO  mode,  respectively.  As 
we  have  mentioned  above,  only  the  LO  mode  is  allowed 
for  (lOO)-oriented  material  and  the  TO  mode  is  forbi¬ 
dden.  However,  a  small  peak  due  to  the  TO  mode  is 
also  observed.  This  is  probably  a  result  of  slight  sub¬ 
strate  misorientation  or  imperfection,  but  it  may  be  also 
due  to  a  small  experimental  deviation  from  backscatter- 
ing  However,  this  phenomenon  is  also  observed  for 
other  semiconductors  in  the  (100)  orientation  [7,8J. 

Fig  2  shows  the  Raman  spectra  results  of  GaSb  for 
125  keV  Si  implantation  with  a  dose  ranging  from 
1  X  10'^  to  1  X  lO'^  cm"'..  As  we  know,  when  the 
implanted  dose  increases  the  local  damaged  regions 
begin  to  overlap  and  result  in  the  formation  of  a  highly 
damaged  region  From  the  spectra,  we  find  that  the 
intensity  of  the  LO  modes  approaches  zero  with  increas¬ 
ing  implantation  dose  The  TO  modes  broaden  with 
increasing  dose 

In  fig.  3  we  display  a  series  of  Raman  spectra  of 
GaSb  implanted  with  Si  (1  x  lO'’  cm"^)  for  energies  of 
70.  100,  125  and  150  keV,.  respectively.  From  these 
spectra,  we  also  observed  that  the  TO  and  LO  modes 
broaden  and  the  intensity  decreases  graduady  with  in¬ 
creasing  energy  Therefore,  there  are  two  reasons  for  the 
broadening  and  weakening  of  the  TO  and  LO  lines. 
Firstly,  the  symmetry  of  the  unimplanted  samples  will 
be  destroyed  by  point  defects  and  dislocations  after 


RAMAN  SHIFT  (cm-') 

Fig.  1.  Raman  spectra  of  an  unimplanted  GaSb  wafer 


RAMAN  SHIFT  (cm-'), 

Fig  2.  Raman  spectra  of  Si-implanted  GaSb  as  a  function  of 
dose 

implantation.  Secondly,  it  may  be  due  to  inhomogeneity 
of  the  strain  [6). 

From  these  results,  we  can  conclude  that  point  de¬ 
fects  and  dislocations  increase  with  increasing  dose  and 
energy.  An  amorphous  layer  [9]  will  occur  when  the 
dose  IS  increased  to  1  x  10'^  cm" ^  or  the  energy  is  over 
150  keV.  If  amorphous  layers  are  formed,  both  the  TO 


Raman  shift  (cm-') 

Fig  3.  Raman  spectra  of  Si-implanted  GaSb  as  a  function  of 
energy. 
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RAMAN  SHIFT  (cm-'! 

Fig  4  Senes  of  Raman  spectra  for  furnace  annealing  at 
500  °C  for  different  times 

and  LO  modes  will  be  decreased  tn  intensity,  asymmet¬ 
rically  broadened,  and  may  be  shifted  in  frequency. 

The  Raman  spectra  depend  on  the  annealing  time 
for  temperatures  of  500  °  C  and  600  ®  C,  as  shown  in  fig. 
4  and  fig.  5,  when  the  dose  is  1  x  10'^  cm"^  at  150  keV. 
These  annealing  processes  are  carried  out  by  conven¬ 


220  230 


RAMAN  SHIFT  (cm-' ) 

Fig  6  Series  of  Raman  spectra  for  rapid  thermal  annealing  at 
different  temperature  for  10  s 

tional  furnace  annealing  (FA).  We  can  observe  that  the 
intensity  of  the  LO  phonon  increases  with  the  annealing 
time  from  20  min  to  40  min.  However,  it  seems  that  the 
intensity  of  the  LO  mode  is  not  stronj,  enough  in 
comparison  with  that  of  the  unimplanted  wafer. 


RAMAN  SHIFT  (cm-')  RAMAN  SHIFT  (cm-') 

Fig  5.  Series  of  Raman  spectra  for  furnace  annealing  at  Fig,  7  Series  of  Raman  spectra  for  rapid  thermal  annealing  at 
600  °C  for  different  times.  different  temperature  for  30  s. 
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Figs.  6  and  7  show  the  Raman  spectra  of  GaSb 
implanted  with  Si  ions  under  the  same  implantation 
conditions  as  in  fig.  4,  and  followed  by  rapid  thermal 
annealing  (RTA)  at  temperatures  of  400  °  C,  500  °  C  and 
600  °C  for  10  s  and  30  s,  respectively.  Upon  rapid 
thermal  annealing,  we  observed  that  the  intensity  of  the 
LO  modes  are  increased  with  increasing  annealing  tem¬ 
perature  and/or  annealing  time.  The  spectra  are  better 
than  those  that  were  obtained  by  furnace  annealing. 
Therefore,  the  rapid  thermal  annealing  process  could 
recover  the  highly  damaged  layer  and  improve  the  crys¬ 
talline  quality  more  effectively.  From  fig.  7,  we  observe 
that  a  better  recovery  of  the  damage  layer  after  Si 
implantation  (1  X  10**  cm“^,  150  keV)  is  obtained  by 
rapid  thermal  annealing  at  600  °  C  for  30  s. 


4.  Conclusion 

We  have  investigated  the  Raman  spectra  of 
(lOO)GaSb  bombarded  by  Si  ions  with  different  doses 
and  energies,  which  was  followed  by  recovering  the 
amorphous  samples  with  conventional  furnace  anneal¬ 
ing  or  rapid  thermal  annealing  technology.  These  phe¬ 
nomena  showed  thit  the  Raman  scattering  measure¬ 
ments  are  a  convenient  and  sensitive  tool  to  probe  the 
damage  situation  after  ion  implantation  and  the  anneal¬ 
ing  process..  We  have  shown  that  the  scattering  phonon 
modes  are  broadened  and  weakened  with  increasing 
dose  and  energy.  This  indicates  the  existence  of  a  highly 
disordered  or  amorphous  regime  in  these  samples. 

The  damage  layer  must  be  healed  after  ion  implanta¬ 
tion  by  annealing  Here,  we  used  a  furnace  annealing 


process  as  well  as  rapid  thermal  annealing,  and  found 
the  intensities  of  the  Raman  spectra  increased  gradually 
with  higher  annealing  temperature  and  longer  annealing 
time.  A  better  recovery  of  the  damage  layer  was  ob¬ 
tained  by  rapid  thermal  annealing  at  a  temperature  of 
600  ^  C  for  30  s,  when  comparing  the  scattering  phonon 
intensities  with  those  of  the  unimplanted  wafer. 
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125  keV  Mg^  tons  and  160  keV  P  *'  ions  were  implanted  at  RT,  100 °  C  and  200 “  C  with  doses  ranging  from  1  x  lO*'*  to  1  x  10'^ 
cm~'  to  study  the  effect  of  the  dual  implantations  on  the  electrical  properties  of  Fe  doped  InP.  The  samples  were  characterized  by 
electrochemical  C-F  measurement  and  RBS-channelling  techniques.  It  has  been  found  that  Mg”^  +P“^  dual  implantations  into  InP 
can  result  in  an  ennanced  activation  of  implanted  dopants.  The  highest  peak  hole  concentration  and  dopant  activation  obtained  in 
this  work  were  1.1  x  10'’cm"  ’  and  68%  in  the  case  of  Mg*  +P*  dual  implantations  at  a  dose  of  1  xio'^  cm'^  while  that  for  Mg* 
single  implantation  at  the  same  dose  were  54xl0‘*cm"’  and  40%.  A  thin  n-type  layer  was  found  in  the  carrier  concentration  profile 
of  Mg*  singly  implanted  samples  whereas  there  was  not  such  a  layer  in  that  of  Mg*  +P*  dually  implanted  ones.  RBS  spectra 
showed  that  the  implantation  at  100  °  C  leads  to  damage  similar  to  that  in  the  sample  implanted  at  200  °  C.  A  deep  penetration  of  Mg 
into  InP  dunng  anneaUng.  which  is  supposed  to  be  related  to  the  (Mg.Fe)  complex,  can  be  suppressed  to  some  extent  by  P* 
co-implantation 


1.  Introduction 

InP  IS  a  promising  material  for  use  in  optoelectronic 
and  microwave  devices.  When  doping  in  selected  areas 
t.s  necessary  in  the  fabncation  of  such  devices,  ion 
implantation  is  the  most  commonly  used  technique. 
Generally  speaking,  it  is  easier  to  obtain  highly  doped 
n-type  layers  than  p-type  layers  in  InP  by  ion  implanta¬ 
tion  (1-3],  which  is  contrary  to  results  obtained  in  work 
on  GaAs  [4-6J.  For  p-type  doping  in  InP,  Be  *  implant 
is  commonly  used.  Wang  [7]  has  reported  that  Be  in-dif- 
fusion  can  be  eliminated  through  rapid  thermal  anneal¬ 
ing  (RTA)  of  a  P*/Be*  co-implantation,  but  the  highest 
peak  hole  concentration  reported  tn  his  paper  was  2  X 
lO’*  cm"  Zn*  and  Cd*  are  also  p-type  species  for 
InP,  but  from  the  point  of  view  of  atomic  mass.  Mg  is 
more  appropnate  for  implantation  than  Zr  or  Cd.  The 
lower  mass  of  Mg  should  result  in  less  damage  and 
afford  greater  variation  in  the  location  of  projected 
range  than  with  heavier  tons.  From  the  Phillips  values 
for  covalent  tetrahedral  radii  and  electronegativity  [8], 
Mg  should  be  a  better  substitutional  impunty  for  In 
than  Be.  An  InP  pn-junction  waveguide  made  by  Mg* 
implantation  has  been  reported  [9]. 

As  for  GaAs,  Choudhury  [10]  showed  an  improved 
activation  of  Mg*  and  As*  dual  implants  by  capless 
rapid  thermal  annealing.  For  high  dose  Mg*  implant 
(1  X  lO'*  cm“^,  100  keV),  the  activation  increased  from 
18%  for  Mg*  single  implant  to  61%  for  Mg*+As* 
dual  implants.  In  this  paper,  we  report  the  electrical 
properties  of  Mg*  and  P*  dually  implanted  into  InP.  It 
is  found  that  the  peak  hole  concentration  and  activation 
in  Mg*  implanted  InP  can  be  much  enhanced  by  Mg* 


+  P*  dual  implantations.  Also  the  n-type  buried  layer 
which  appeared  in  Mg*  singly  implanted  samples  can 
be  eliminated  by  P*  co-implantation.  RBS-channelling 
measurements  showed  that  the  implantation  at  100  °C 
leads  to  less  damage  than  for  room  temperature  im¬ 
plant. 


2.  Experimental 

.All  implantations  were  performed  into  semi-insulat- 
ing  (100)  oriented  Fe  doped  InP  wafers  cut  from  crystals 
grown  by  the  Czochralski  method  with  liquid  encapsu¬ 
lation.  The  wafers  were  degreased  using  organic  solvents 
and  etched  by  a  .solution  of  HjOj ;  H2O :  HiP04  = 
9:1:1  to  remove  surface  damage  caused  by  polishing. 
Mg*  10ns  were  implanted  at  125  keV  with  doses  rang¬ 
ing  from  1  X  10'“  to  1  X  10'^  cm"“  at  room  tempera¬ 
ture  (RT).  The  co-implant  wafer  was  preimplanted  with 
phosphorus  at  200  °C  with  an  energy  of  160  keV  at  the 
same  dose  of  magnesium  The  purpose  of  an  implanta¬ 
tion  at  elevated  temperature  is  to  reduce  the  lattice 
damage  introduced  by  a  heavier  ion,  i.e.,  phosphorus. 
For  some  samples.  Mg '  and  P*  were  implanted  at  200 
or  100  °C,  respectively.  The  energy  of  160  keV  was 
chosen  for  the  distribution  of  implanted  P  atoms  to 
overlap  that  of  Mg  atoms.  This  is  according  to  the 
results  for  Mg*  and  As  '  dual  implants  into  GaAs  [10] 
and  for  Si*  and  P*  dual  implants  into  InP  [11].  The 
samples  were  tilted  by  7°  from  the  (100)  axis  during 
implantation  to  avoid  possible  channelling.  After  im¬ 
plantation,  Si3N4  film  of  about  100  nm  in  thickness  was 
deposited  on  all  wafers  by  plasma  enhanced  chemical 
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vapour  deposition  (PECVD).  RTA  was  performed  in  a 
KST-2  tungsten  halogen  lamp  heating  system  in  flowing 
Nj  at  temperatures  ranging  from  800  to  900  °C  with 
samples  face  down  on  a  silicon  wafer  The  annealing 
time  was  from  5  to  15  s.  The  annealing  temperature  and 
time  profile  were  monitored  by  a  thermocouple  ce¬ 
mented  onto  the  Si  wafer.  The  annealing  cycle  could  be 
chosen  using  the  computer-controlled  system.  The  elec¬ 
trical  properties  of  the  implanted  layer  were  char¬ 
acterized  by  electrochemical  C-V  measurements.  The 
damage  and  its  annealing  were  evaluated  using  the 
RBS-channelling  technique  with  a  2  MeV  He"^  probe 
beam. 


3.  Results  and  discussion 

Fig.  1  shows  the  carrier  concentration  profiles  in 
Mg^  singly  implanted  samples.  After  annealing  at 
825  °C  for  5  s,  a  buned  n-type  layer  appeared  in  the 
sample  implanted  with  a  dose  of  1  X  lO'^  cm"^  Mg^  at 
RT.  Reducing  the  Mg'^  dose  to  5  x  10‘'*  cm“^  and 
annealing  at  the  same  condition,  we  found  that  the 
buried  n-type  layer  became  narrower  For  still  lower 
dose  implant  (1  X  lO'**  cm"*),  the  buried  n-type  layer 
disappeared  but  the  activation  was  only  8%.  These 
results  are  similar  to  the  behaviour  occurring  in  1  MeV 
Mg*  implantation  into  InP  [12],  where  a  resistive  layer 
broadened  with  increasing  implantation  dose.  For  Mg* 
+  P*  dually  implanted  samples,  there  was  no  n-type 
layers  existing  after  annealing  at  825  °C  for  5  s  (fig.  2). 
In  the  sample  implanted  with  doses  of  1  x  lO'^  cm"^ 
the  peak  hole  concentration  was  5.5  x  10'*  cm'\  The 


Depth  liJjn) 

Fig.  1.  Hole  concentration  depth  profiles  in  samples  implanted 
with  125  keV  Mg*  (RT)  at  the  indicated  doses  and  annealed 
at  825  °  C  for  5  s. 
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Fig.  2  Hole  concentration  depth  profiles  in  samples  implanted 
with  125  keV  Mg*  (Rf)  and  160  keV  P*  (200°C)  at  the 
indicated  doses  and  annealed  at  825  °  C  for  5  s. 


low  hole  concentration  at  the  region  near  the  surface  in 
samples  implanted  with  doses  of  1  X  lO'*  or  5  x  lO''* 
cm  ■  ^  mt  y  be  due  to  either  the  residual  disordered 
layer,  remaining  in  the  high  dose  implanted  samples 
after  annealing,  providing  donors  to  compensate  the 
holes  [15j.  or  large  out-diffusion  of  implanted  Mg  dur¬ 
ing  annealing  in  the  case  of  high  Mg  concentration  [14]. 
For  the  sample  implanted  with  doses  of  1  x  10'“’  cm"",, 
the  activation  was  24%,  which  is  much  larger  than  that 
ol  Mg*  implanted  alone.  From  fig.  2,  on  the  other 
hand,  one  can  also  find  that  the  in-diffusion  of  Mg  in 
dually  implanted  samples  is  less  than  that  in  singly 
implanted  ones.  From  the  results  discussed  above,  the 
buried  n-type  seems  related  to  the  radiation  damage. 
Therefore  the  high  dose  implanted  samples  were  an¬ 
nealed  at  higher  temperature  for  a  longer  time.  The 
result  of  1  X  lO’'  cm  "  Mg*  implanted  samples  after 
annealing  at  875  °C  for  15  s  is  shown  in  fig.  3.  It 
indicates  that  there  is  no  longer  a  buried  n-type  layer  in 
the  singly  implanted  sample.  The  activation  and  peak 
hole  concentration  in  Mg*  singly  implanted  sample  are 
40%  and  5.4x10'*  cm"\-  respectively,  while,  in  the 
Mg* -I-  P*  dually  implanted  sample,  the  values  are  68% 
and  1.1  X  lO”  cm“\  To  the  best  of  our  knowledge, 
such  a  high  hole  concentration  in  InP  by  ion  implanta¬ 
tion  has  never  been  reported.  This  can  be  attributed  to 
the  fact  that  more  Mg  atoms  have  been  forced  to 
occupy  the  In  sublatticc  sites  owing  to  the  decrease  in 
the  concentration  ratio  of  P  and  In  vacancies 
([Vp]/[V,„])  resulting  from  the  P*  co-implant.  It  is  also 
worth  noticing  that,  when  annealing  at  high  tempera¬ 
tures  for  a  long  time,  the  Mg  in-diffuses  considerably. 
The  peak  hole  concentration  reaches  about  700  nm  in 
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depth.  Another  feature  in  fig.  3  is  that  there  are  deep 
hole  distnbution  tails  at  about  in  both  Mg"^ 

singly,  and  Mg^+  dually  implanted  samples. 

To  reduce  radiation  damage,  implan'ations  of  Mg"^ 
at  elevated  temperature  were  also  investi};ated.  We  found 
that,  after  annealing  at  825  "C  for  5  s  the  hole  con¬ 
centration  distribution  near  the  peak  position  =s  quite 
flat  for  a  sample  implanted  with  1  x  cm'  ^  Mg'^  at 
200  °C,  which  suggests  that  both  out-diffusic-n  and  in- 
diffusion  of  Mg  have  taken  place.  There  is  also  a  deep 
hole  distribution  tail  about  lO”  cm  in  the  distribu¬ 
tion.  For  an  implantation  dose  of  5  X  10''*  cm'  the 
hole  concentration  in  the  sample  implan'ed  at  100°  C  is 
much  higher  than  that  in  the  sample  implanted  at 
200  °  C.  The  former  is  even  as  high  as  that  for  implanta¬ 
tion  with  1  X  10’’  cm“^  Mg"*^  at  200°C,,  only  without 
the  tail.  These  results  indicate  that  hot  implantation  can 
also  avoid  the  formation  of  an  n-type  lay-’r.  But  higher 
temperature  implantation  will  result  in  an  apparent 
redistribution  of  dopant  and  lower  activation  though 
the  reason  for  the  latter  needs  to  be  studied  further.  The 
RBS-channelling  spectra  for  samples  implanted  with 
1  X  10'^  cm“^  Mg*  at  RT.- 100  and  200°C  are  shown 
in  lig.  4.  Though  an  amorphous  layer  was  formed  in  RT 
implanted  samples,  the  radiation  damage  m  the  samples 
implanted  at  elevated  temperature  (even  at  100  °C)  was 
quite  small. 

Increasing  the  annealing  temperature  and  time  pro¬ 
duced  a  deeply  penetrating  profile  in  samples  implanted 
at  100  °C.  For  samples  implanted  with  doses  of  5  X  10'^ 
cm"^  Mg*  at  100°C  and  annealed  at  875°C  for  10  s, 
the  activation  for  Mg*  single  implant  was  55%  and  that 
for  Mg*+P*  dual  implants  was  67%.  Mg  penetrated 


Pig.  3.  Hole  concentration  depth  profiles  in  samples  implanted 
with  Mg*  (125keV,  lxl0'’cm'^)andP*  (160  keV,  1  xlO'* 
cn  and  annealed  at  875° C  for  15  s. 
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Fig.  4.  RBS-channeling  spectra  for  samples  implanted  with 
Mg*  (125  keV,  IXlO"  cm"’)  at  indicated  target  tempera¬ 
tures  (a)  Random,  (b)  RT;  (c)  100°C,  (d)  200°C;  (e)  virgin. 

into  the  InP  substrate  as  deep  as  2  pm  but  a  P* 
co-implant  can  reduce  the  tail  to  some  extent..  These 
results  showed  that  a  high  annealing  temperature  is  one 
of  the  causes  for  the  deep  in-diffusion  of  the  Mg. 
Moreover,  in  a  sample  annealed  in  a  furnace  (750  °C.. 
10  min),  the  hole  tail,  at  1  X  10”cm~^,  was  found  to  be 
deeper  than  3.5  pm.  so  that  a  long  annealing  time  is 
another  cause  for  the  deep  in-diffusion.  The  fast  diffu¬ 
sion  of  Mg  in  InP  was  reported  by  Koing  et  al.  [15]  and 
a  diffusion  coefficient  of  1  X  10"''*  cm^/s  was  calcu¬ 
lated.  Surpnsingly,  the  value  of  the  hole  distnbution 
tails  is  the  same  as  the  one  in  our  experiment,  i,<*.,  about 
1  X  lO'^  cm"’.  In  Mg-doped  InP  grown  by  MOCVD 
[16],  Mg  penetrated  into  Fe  doped  InP  substrates  with  a 
concentration  level  of  lO'^cm"-*  resulting  in  the  same 
level  of  hole  concentration,  while  in  S  doped  InP  sub¬ 
strates,  there  was  no  such  Mg  distribution.  The  similar¬ 
ity  mentioned  above  suggests  that  the  mechanism  is  the 
same  for  Mg  diffusion  in  both  types  of  substrates. 
Considering  the  Fe  doping  level  of  the  substrates  in  the 
range  of  5  X  10'*-1  X  10'^  cm"^  (data  provided  by  the 
manufacture'),  we  can  deduce  that  there  is  an  associa¬ 
tion  of  the  diffusing  Mg  with  the  Fe  species,  with  the 
formation  of  immobile  (Fe,Mg)  pairs  or  complexes. 


4.  Conclusions 

After  RTA,  an  extremely  high  hole  concentration  of 
1.1  X  lO'^cm'-’  in  InP  has  been  obtained  by  Mg*+  P* 
dual  implantations.  A  buried  n-type  layer  in  Mg*  singly 
implanted  InP  was  observed  and  could  be  eliminated  by 
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the  co-implant.  The  deep  diffusion  of  Mg  into  InP. 
which  increases  with  increasing  dose,  implantation  tem¬ 
perature,  annealing  temperature,  and  time,  was  ex¬ 
plained  to  be  related  to  the  Fe  impurities  in  the  sub¬ 
strate.  The  radiation  damage  for  implantation  at  100  °C 
proved  to  be  very  small  by  RBS-channelling  measure¬ 
ments. 
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Section  VII.  Future  trends  and  applications 

The  technology  of  finely  focused  ion  beams  * 

L.R.  Harriott 

M  T&T  Bell  Laboratories,  Murray  Hill,  M  07974,  USA 


Focused  ion  beam  machine  technology  is  generally  divided  into  iwo  distinct  categories  according  to  the  intended  applications 
These  are:  (>)  low-energy  (10-30  keV)  heavy-ion  beam  (usually  Ga)  systems  used  in  sputtering  and  lon-induced  material  deposition 
and  (2)  high-energv  (50-200  keV)  systems  with  generally  more  complex  ion  optics  for  implantation  and  lithography  applicat’ons 
State-of-the-art  focused  ion  beam  systems  are  capable  of  minimum  beam  diameters  (FWHM)  on  the  order  of  500  A  with  a  chromatic 
aberration-limited  current  density  of  about  1  A/cm^.  While  continuing  progress  in  ion  optics  and  the  computer  automation  of  both 
these  types  of  fix-used  ion  beam  systems  has  enabled  them  to  emerge  from  the  laboratory  and  into  limited  production  uses,  some  new 
approaches  are  also  on  the  horizon.  These  new  approaches  include  the  use  of  achromatic  quadrupole  lenses  to  improve  the  maximum 
acliievable  bca.m  current  density  perhaps  by  a  factor  of  10.  and  the  use  of  immersion  lenses  for  producing  finely  fix-used  beams  at 
very  low  (100  eV  or  less)  energy  to  minimize  substrate  damage  during  processing.  This  paper  will  review  some  of  the  recent 
developments  in  focused  ion  beam  machine  technology  in  the  context  of  existing  and  emerging  processing  techniques 


1.  Introducrion 

Finely  focused  ion  beam  (FIB)  sy.stenis  and  their 
applications  have  been  reviewed  prevtou.sly  [1-5]  and  il 
I.S  not  the  intention  of  this  paper  to  provide  a  compre¬ 
hensive  review  of  the  subject.  The  purpo.se  of  thi.s  paper 
is  to  give  a  brief  introduction  followed  by  a  snapshot 
review  of  some  recent  focused-ion-beam  applications 
and  then  discuss  ongoing  developments  in  FIB  machine 
technology  driven  by  current  and  future  needs. 

Current  focused  ton  beam  technology  is  based  on  the 
development  of  liquid-metal  ion  sources  (LMIS).  LMlSs 
offer  high  brightness  and  small  virtual  .source  size,  mak¬ 
ing  them  suitable  for  probe-forming  systems.  The  limit¬ 
ing  factor  in  the  performance  of  finely  focused  ion 
beam  systems  is  generally  chromatic'  aberration  due  to 
the  moderate  energy  spread  (10-40  eV)  inherent  in 
LMIS.  The  performance  of  a  probe-forming  optical 
.system  is  most  generally  characterized  by  the  current 
density  in  the  focused  spot.  In  practical  applications  the 
proce.ssing  throughput  is  a  direct  function  of  the  total 
ion  current  on  the  target.  Since  the  beam  size  is  usually 
dictated  by  the  application  requirements,  the  current 
density  achievable  offers  a  good  measure  of  the  overall 
performance  of  the  ion  optical  column. 

For  typical  electrostatic  ion  focusing  lenses  chro¬ 
matic  aberration  is  dominant  and  is  the  limiting  factor 
in  the  performance  of  ion  microbeam  systems  [1],  The 
current  density  (./)  in  the  focused  spot  is  given  by 

^  d//dl2(yA£)^ 
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where  d//dJ7  is  the  angular  current  density  of  the  ion 
source,  C  is  the  chromatic'  aberration  of  the  lens,  A£  is 
the  energy  .spread  of  the  ions,  .and  E  the  beam  energy 
Note  that  the  current  density  is  independent  of  the  lens 
acceptance  angle.  In  other  words,  it  is  constant  for  a 
given  focusing  .system  and  does  not  depend  on  tlie  focal 
spot  size.  The  fexal  spot  size  increa.ses  with  the  solid 
angle  of  acceptance  of  the  lens  in  just  such  a  way  as  to 
keep  the  current  density  in  the  spot  the  same.  As  can  be 
seen  from  the  above  equation,  the  current  density  in¬ 
crea.ses  with  increasing  beam  energy  This  improvement 
IS  limited,  however,-  l.y  the  maximum  voltage  of  the 
particular  lens.  As  the  maximum  lens  voltage  is  in- 
crea.sed  by  using  larger  gaps,  the  quantity  (E/C)  tends 
to  remain  constant  due  to  increases  in  C  [Ij.  Further¬ 
more,  increasing  the  .source  emission  current  al.so  in¬ 
creases  the  energy  spread  These  factors  combine  to 
limit  the  maximum  current  censities  in  practical  LMIS 
round-lens  ftxusing  .systems  to  about  1  A/cm“.  Beam 
spot  sizes  m  state-of-the-art  lon-focusing  columns  are  in 
the  range  of  50-200  nm  with  the  smaller  .spot  sizes 
being  obtained  at  the  price  of  reduced  beam  current 
Current  densities  of  1  A/cm^  or  higher  are  usually 
achieved  at  beam  energies  of  20  keV  oi  higher 

Applications  for  finely  focused  beams  cover  a  wide 
range  of  processing  techniques  in  industry  and  research 
These  application,-,  generally  exploit  one  or  more  of 
three  basic'  a.spects  of  the  lon-.solid  interactions.  The 
desired  ellect  of  the  ion  beam  may  be  produced  by:  (1) 
p.seudoelastic  collisions  between  the  energetic  ions  and 
target  atoms  where  momentum  transfer  results  in  dis¬ 
placements  (damage)  and  sputtering,  (2)  inelastic 
scattering  of  the  ions  with  electrons  in  the  solid  produc¬ 
ing  excitations  which  may  cause  chemical  changes  such 


0168-583X/91/$03.50  C  1991  -  Elsevier  Science  Publishers  B.V.  (Norl.b-Holland) 


l.R  Hamoti  /  Finely  jocused  wn  beami 


803 


J 


as  in  polymer  resist  exposure,  or  (3)  the  presence  of  the 
ion  in  the  solid  after  it  has  come  to  rest  such  as  in 
semiconductor  doping  The  design  of  ion  focusing  col¬ 
umns  and  choice  of  LMIS  species  is  usually  dictated  by 
the  application.  The  two  major  classes  of  FIB  systems 
are  the  low-energy  (10-50  keV)  type  with  heavy-ion 
species  (usually  Ga)  where  momentum  transfer  and 
sputtering  are  importam,  and  the  higher-energy  (50-200 
keV)  type  where  electronic  excitation  and  doping  are 
the  desired  effects. 

Fig.  la  shows  an  example  of  a  simple  focusing 
system  used  mainly  for  applications  employing  sputter¬ 
ing  such  as  mask  repair  [1,6],  circuit  restructuring  [7-9] 
and  micromachining  [10].  Ions  from  the  LMIS  are  ex¬ 
tracted  at  an  energy  of  3-6  keV  and  pass  through  a 
beam-limiting  aperture  to  a  three-element  asymmetric 
electrostatic  lens  designed  for  low  chromatic  aberration 
[11].  The  lon  column  also  employs  an  electrostatic  beam 
deflector.  A  system  of  this  type  operates  at  20-50  keV 
with  100-200  nm  spot  size  and  a  beam  current  of 
100-  300  pA.  The  beam  can  be  scanned  over  fields  of  up 
to  1  mm  usually  with  computer  control  for  imaging  with 
secondary  electrons  (or  ions)  and  patterned  exposures. 
The  doses  required  for  sputtering  applications  arc  quite 
high,  lO'^-lO'**  cm’^  limiting  practical  applications  to 
those  where  the  area  to  be  exposed  to  the  ion  beam  is 
small,  such  as  defect  repair  of  lithographic  masks. 

Fig  lb  illustrates  the  other  major  type  of  lon-fiKus- 
ing  column.  It  is  designed  to  operate  with  an  alloy 
LMIS  so  that  may  ion  species  can  be  produced  in  the 
beam  Ions  from  the  source  are  focused  to  a  crossover  at 
an  intermediate  aperture  Crossed  electric  and  magnetic’ 
(hXB)  fields  act  as  a  velocity  filler.,  effectively  separat¬ 


ing  the  ion  .species  by  ma.ss.  The  EXB  filter  is  adjusted 
to  allow  only  the  desired  ion  species  'o  pass  through  the 
intermediate  aperture  and  the  rest  of  the  ion  column 
The  objective  lens  then  fcK'uses  the  mass-selected  beam 
onto  the  target. 

This  type  of  ma.s.s-separating  column  is  usually  desig¬ 
ned  to  run  at  energies  from  50  to  200  keV  [13,14].  These 
systems  are  used  for  maskless  implantation  [15]  and 
lithography  producing  minimum  feature  sizes  of  100  nm 
[16.17].  Again,  there  is  a  trade-off  between  beam  diame¬ 
ter  and  current  with  the  minimum  practical  .spot  size  of 
such  a  system  at  about  50  nm.  Eutectic  alloy  sources 
such  as  AuSi  or  AuSiBe  are  commonly  used  in  such 
systems.  The  AuSiBe  LMIS  can  provide  beams  of  both 
n-  and  p-type  dopants  for  III-V  semiconductors. 


2.  Recent  developments 

As  mentioned  in  the  previous  section,  there  are 
several  applications  of  finely  focused  ion  beams  which 
have  been  proven  to  be  valuable  over  the  last  several 
years  For  production  related  to  integrated  circuits, 
defect  repair  of  photomasks  is  well  established.  More 
recently  the  idea  of  using  a  focu.sed  ion  beam  to  aid  in 
the  prtx'e.ss  of  diagnosing  failures  and  testing  of  fully 
processed  wafers  has  gained  in  popularity.  The  ion 
beam  is  used  for  minor  circuit  editing  by  either  cutting 
metal  lines  by  sputtering  or  depositing  conductive  lines 
by  ion  induced  metal  deposition  In  the  research  labora¬ 
tory.  focused  ion  beams  have  proven  useful  for  fine-hne 
re.sist  lithography.  In  addition,  the  flexibility  of  scan¬ 
ning  beam  implantation  doping  where  parameters  such 


Fig  1  (a)  A  single-lens  column  for  a  focused-ion-beam  system  including  a  liquid-metal  ion  source,  lens,  beam  and  deflector  (after  ref. 
(Ij)  (b)  A  two-lens  focusing  column  including  an  EXB  mass  filter  for  u.se  with  alloy  LMIS  (after  ref,  [12]) 
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as  species,  energy  and  dose  can  be  varied  across  a  single 
wafer  or  even  a  single  device  can  be  very  useful  in 
piototypmg  new  device  structures.  In  this  section, 
several  relatively  new  applications  of  finely  locused  ion 
beams  are  discussed  with  the  thought  that  some  of  them 
will  become  established  as  being  important  in  the  fu- 
tuie. 

2.1.  Integrated-circuil  microsectionmg  and  inspection 

Micromachining  of  integrated  circuits  for  the  pur¬ 
pose  of  in-process  inspection  with  a  focused  ion  beam  is 
a  very  straightforward  process  [1,20,21],  The  ion  beam 
is  scanned  over  a  fairly  large  (compared  to  the  FIB 
diameter)  area  repeatedly  to  mill  a  crater  several  pm 
deep  and  10-50  pm  on  a  side.  The  crater  is  positioned 
so  that  a  sidewall  cuts  through  the  area  of  interest  in  the 
circuit.  After  the  milling  process  the  sidewall  is  imaged 
by  tilting  the  sample  to  obtain  a  cross  section  of  the 
device.  During  the  sputtering  process,  some  of  the 
material  removed  from  the  bottom  of  the  crater  is 
redeposited  on  the  sidewalls,  possibly  obscuring  the 
sectioned  device.  This  problem  is  usually  solved  by 
milling  in  two  steps.  First  the  large  crater  is  milled  to  its 
final  depth,  resulting  in  sidewalls  contaminated  by  rede- 
position  Next  a  “fine  cut”  is  made  only  along  the 
sidewall  of  interest  to  expose  a  clean  surface  for  later 
imaging.  The  extent  of  the  redeposition  is  further  re¬ 
duced  by  increasing  the  number  of  scans  used  to  deliver 
the  ion  dose  [lO]  for  both  the  initial  large  feature  and 
the  final  "fine  cut". 

Fig.  2  shows  an  example  of  FIB  microsectionmg  of 
an  integrated  circuit.  This  approach  to  .sectioning  has 
many  advantages  over  the  conventional  method  of 
cleaving  and  polishing  preparation  for  electron-micro¬ 
scope  imaging' 

(1)  despite  times  of  several  minutes  to  produce  a  suita¬ 
ble  crater,-  it  is  still  much  faster  than  cleaving  and 
polishing; 

(2)  since  the  edges  of  the  crater  can  be  located  preci.sely 
(usually  within  0.1  pm),  the  section  can  be  placed 
where  they  are  needed  and  actual  working  devices 
can  be  in.spected  without  the  need  of  including 
special  “  test  transistors”  on  the  wafer; 

(3)  since  it  is  not  necessary  to  cleave  the  wafer,  this 
method  is  destructive  only  to  the  device  sectioned, 
leaving  the  remainder  of  the  wafer  intact;  this  is 
particularly  important  where  production  involves  a 
large  number  of  chip  designs  but  a  small  number  of 
wafers  of  each 

2  2  X-ray  mask  defect  repair 

As  the  minimum  lateral  dimensions  of  integrated-cir- 
cuit  features  continue  to  decrease  toward  0.5  pm  and 


Fig.  2  Cross  section  of  an  aluminum  conductor  covered  with 
SiO,  and  silicon  niiride  from  an  integrated  circuit  The  section 
vas  prepared  by  focused  ion  beani  m’cromachimng  (MJ 
Vasile,  AT&T  Bell  Laboratorie.s.  unpublished) 


below,.  X-ray  lithography  may  become  a  dominant 
.nanufactunng  tool  [22].  The  most  likely  form  of  X-ray 
lithography  is  proximity  printing  of  small  fields  using  a 
membrane-type  mask  in  a  step-and-repeat  fashion  across 
the  wafer.  A  typical  mask  structure  is  a  thin  membrane 
(boron  nitride,  silicon  carbide  or  silicon)  of  low- 
atomic-niimber  material  supporting  a  thick  (0  3-1  0  pm) 
patterned  X-ray  absorber  layer  of  high-atomic-number 
material  (gold  or  tungsten).  Because  the  mask  may 
contain  only  a  few  chips  (perhaps  as  few  as  one), 
economics  demands  that  the  masks  contain  zero  defects 
Focused  ion  beam  repair  of  X-ray  mask  defects  is  in 
two  forms  [23,24]:  milling  to  remove  excess  material  or 
lon-induced  metal  deposition  [25]  to  fill  in  mussing 
features.  This  may  seem  to  be  a  straightforward  exten¬ 
sion  of  the  methods  used  in  focused-ion-beam  photo¬ 
mask  repair  [b],  but  there  are  several  ditticult  problems 
presented  by  X-ray  masks.  Some  of  the.se  problems 
include: 

(1)  ion  channeling  in  the  polycrystalline  Au  absorber 
obscures  the  ion  imaging  u.sed  to  precusely  locate  the 
defect  prior  to  repair; 
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(2)  channeling  also  results  in  spatially  nonuniform 
sputtering  during  defect  repair; 

;3)  the  small  lateral  dimensions  (down  to  0.1  (im)  re¬ 
quire  a  much  smaller  ion  beam  diameter  (25-50 
nm)  than  that  (250  nm)  typically  used  in  photomask 
repair; 

(4)  the  high  aspect  ratio  of  the  mask  features  (as  much 
as  10:1)  can  be  difficult  to  reproduce  in  repaired 
features  due  to  redeposition  during  milling  and  in 
general  during  ion-induced  deposition.. 

The  problems  of  redeposition  of  material  during  ion 
milling  can  be  mostly  overcome  by  choice  o)  the  scan¬ 
ning  strategy  (10,24-26].  Multiple  raster  scans  used  in 
milling  are  somewhat  effective  but  more  elaborate 
strategies  may  be  needed  for  some  cases  in  X-ray  masks. 
An  example  of  such  a  strategy  is  to  mill  the  center 
porticn  of  the  defect  first,  leaving  a  “wall”  around  its 
perim.ner  to  stop  matenal  from  being  deposited  on 
nearby  features,  and  then,  in  a  second  milling  step, 
remove  Me  wall.  Another  approach  is  to  allow  material 
to  be  rcdeposited  on  the  surrounding  features  and  then 
remove  it  as  necessary  after  the  defect  has  been  re¬ 
paired. 

The  problem  of  filling  in  high-aspect-ratio  features 
to  repair  “clear"  defects  by  FIB-induced  metal  deposi¬ 
tion  is  a  more  difficult  task.  For  FIB-induced  deposi¬ 
tion.  a  precursor  gas  is  introduced  to  the  FIB  vacuum 
chamber  through  a  small-diameter  ( -  100-200  (im)  tube 
or  gas  jet  The  end  of  the  gas  jet  is  positioned  just  above 
the  target  (50-100  fim)  at  the  place  where  the  ion  beam 
strikes.  This  arrangement  allows  equivalent  pressures  of 
the  precursor  gas  to  be  in  the  range  of  hundreds  of 
mTorr  while  the  ion  gun  remains  at  high  vacuum.  For 
X-ray  mask  repair  metal-organic  precursors  such  as 
oimethylgold  hexafluoro  acetyl acetonate  (DMG(hfac)) 
are  used.  The  adsorbed  layer  of  the  precursor  is  decom¬ 
posed  by  the  action  of  the  ion  beam  to  produce  a 
deposit.  At  the  same  time,  however,  the  ion  beam 
sputters  the  adlayer  and  previously  deposited  material. 
Careful  control  of  the  kinetics  of  this  process  is  neces¬ 
sary  to  ensure  that  net  deposition  of  material  occurs 
rather  than  net  mat'  I  removal  [29].  The  most  critical 
parameter  is  the  beam  scanning  strategy.  Again,  the 
feature  is  exposed  in  multiple  scans  of  the  beam.  To 
ensure  net  deposition,  the  dwell  time  of  the  beam  at 
each  point  in  the  feature  during  each  pass  of  the  beam 
is  kept  short  (0.1-1  jis)  so  that  only  enough  dose  to 
d’compose  the  surface  adlayer  (one  monolayer  at  best) 
is  delivered  Time  is  allowed  between  each  pixel  ex¬ 
posure  (1-10  ms)  to  replenish  the  precursor  adlayer 
coverage.  The  optimum  conditions  are  determined  by 
the  gas  pressure,  beam  current  density  and  .sticking 
coefficient  of  the  precursor. 

Deposition  yields  as  high  as  100  deposited  atoms  per 
incident  ion  have  been  reported  [23,29].  High  yield  is 
important  for  several  reasons;  (1)  the  time  required  to 


produce  an  adequate  deposit  is  reduced,  (2)  the  amount 
of  redeposited  material  on  surrounding  features  is  re¬ 
duced  (there  is  always  sputtenng  occurring  during  de¬ 
position)  and  (3)  if  the  balance  between  sputtering  and 
deposition  is  shifted  heavily  in  favor  of  deposition,  then 
the  1/cos  6  angular  dependence  of  the  deposition  yield 
can  result  in  very-high-aspect-ratio  features.  Fig.  3  shows 
an  example  (taken  from  ref.,  [23])  of  Au  features  de¬ 
posited  with  very  high  aspect  ratio  under  high  yield 
(75-100  atoms  deposited  per  incident  ion)  conditions. 


2.3.  Damage  patterning 

In  the  previous  examples,  ion  sputtenng  was  used  as 
the  patterning  mechanism.  At  much  lower  doses  and 
perhaps  higher  energies,  crystal  damage  can  be  readily 
produced  with  a  finely  focused  ion  beam.  The  damage 
caused  by  the  ion  beam  can  be  used  for  patterning  by 
creating  defects  which  modify  or  destroy  the  conductiv¬ 
ity  of  a  previously  doped  sermconductor  layer.  With  the 
small  diameter  of  available  FIB  systems,  this  method 
has  been  applied  recently  to  the  fabncation  of  quan¬ 
tum-effect  structi.res.  An  example  of  a  simple  method 
for  oroducing  a  one-dimensional  conductor  is  shown  in 
fig.  4  [aOj.  In  this  case,  a  conductive  current  bar  is  first 
created  with  ion  implantation  and  annealing  Noncon¬ 
ducting  regions  are  then  created  by  a  second  implant 
using  FIB  where  the  damage  is  not  annealed  out.  The 
conducting  channel  between  the  damaged  areas  is  fur¬ 
ther  narrowed  by  the  depVtion  region  and  can  be  made 
as  small  as  20  nm  despite  the  fact  that  a  100  nm  beam 
was  used  by  adjusting  the  distance  between  the  im¬ 
planted  regions  and  the  dose.  A  variation  of  this 
damage  atterning  method  has  been  used  recently  to 
fabricat,  .n  in-plane-gatcd  quantum  wire  transistor  [31]. 

Compositional  disordering  of  multi-quantum  well 
(MQW)  structures  is  a  related  technique  of  interest  in 
the  fabrication  of  quantum-effect  structures  and  devices 

[32] .  When  the  multilayer  GaAs/AlGaAs  structures  are 
implanted  with  high-energy  Ga  ions  (100  keV),  the 
defects  produced  cause  enhanced  interdiffusion  of  the 
A1  and  Ga  within  the  implanted  area  at  moderate  doses 

[33]  of  10‘‘’-10'^  ions/cm^.  After  annealing,  the  im¬ 
planted  regions  and  structureless,  leaving  intact  the 
unimplanted  MQW  structures.  The  ultimate  limitations 
on  the  spatial  resolution  of  this  technique  are  from  ion 
scattering  and  diffusion.  There  is  some  evidence  that 
channeling  effects  significantly  reduce  the  lateral  broad¬ 
ening  of  the  implanted  regions  with  depth  predicted  by 
simulations  of  ion  implants  into  amorphous  material 

[34] .  MQW  structures  with  lateral  dimensions  of  about 
100  nm  have  been  produced  so  far  and  were  probably 
limited  by  the  ion  beam  diameter.  It  is  expected  that  50 
nm  features  could  be  made  with  'his  technique. 
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Fig  3  Gold  microsirurtures  deposited  by  a  100  keV  Ga  ion  beam  The  beam  diameter  was  approximately  100  nm  The  structures  are 

about  150-200  nm  m  diameter  and  10  tim  tall  (after  ref  [23]) 


2  4.  Patterning  of  high-T^  superconductor  thin  films 

Conventional  lithographic  patterning  of  these 
materials  tends  to  have  detrimental  effects  on  tne  super¬ 
conducting  properties  of  the  films  such  as  supercon¬ 
ducting  transition  temperature  (7^,)  and  critical  current 
density  (/,).  Mostly,  the  films  are  effected  at  the  edges 
of  features  so  that  when  small  features  (less  than  5-10 
pm)  are  fabricated,  the  patterned  material  is  no  longer  a 
good  superconductor.  Focused  ion  beams  have  been 
used  for  micron-  and  submicron-sized  patterning  of 
high-T^  superconductor  thin  films  in  two  major  ways 
[35]  which  are  discussed  below 

I 


Fig  4,  Implanted  quantum  wire  structure  A  narrow  conduct 
ing  channel  is  formed  between  the  high-resistmty  implanted 
areas  (2nd  implantation)  The  damage  from  the  .second  implan¬ 
tation  hai.  not  been  annealed  out  (after  ref.  [30]) 


Focused-ion-beam  micromachining  has  been  used  to 
pattern  features  down  to  sizes  less  than  0.5  pm  without 
degradation  in  or  [36].  In  this  case,  fine  patterns 
are  formed  by  sputtering  away  superconductor  material 
leaving  behind  the  desired  pattern  The  resolution  limit 
for  forming  narrow  lines  was  related  to  the  diameter  of 
the  FIB  used  (200  nm).  Since  material  is  removed  on 
either  side  of  the  line  with  a  large  (5  X  lO”)  lon  dose, 
the  roughly  Gaussian  beam  profiles  will  produce  a 
,significant  (10%  of  the  milling  dose)  ion  exposure  at  the 
center  of  the  line  when  the  width  of  the  line  is  on  the 
order  of  the  beam  diameter  or  .'''ghtly  more.  The  gen¬ 
eral  observation  was  that  feature  sizes  down  to  about 
1.5  times  the  beam  diameter  can  be  produced  without 
significant  degradation  of  the  superconducting  proper¬ 
ties  of  the  remaining  material.  Although  FIB  microma¬ 
chining  has  proven  to  be  a  valuable  method  for  making 
micron  and  submicron  experimental  device  and  test 
structures  [37],  the  major  limitation  is  the  time  required 
to  produce  the  patterns.  For  a  typical  2(XX)  A  thick 
YBaCuO  film  patterned  with  a  200  nm  Ga  focused  ion 
beam  at  1  A/cm’  (160  pA  on  the  target),  the  milling 
dose  IS  (5-6)  XlO'^  cm“^-  requiring  10^-10**  s/crrf 
processing  times.  Patterning  by  ion  beam  damage  uffeis 
a  speed  improvement  of  1000  or  more  at  similar  spatial 
resolution  [38]. 

It  has  been  demonstrated  that  transition-temperature 
and  critical-current  properties  of  high-T^^  superconduc¬ 
tors  can  be  modified  in  a  controlled  way  by  broad-area 
bombardment  with  high-energy  (MeV)  heavy  ions  such 
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as  Ne,  As  and  O  [39,40].  The  transition  temperature  and 
critical  current  can  be  adjusted  downwards  with  increas¬ 
ing  ion  dose  usually  in  the  lO'^  to  lO’^  range.  These 
high-energy  ions  generally  penetrate  through  the  film 
and  are  stopped  in  the  substrate.  Their  effect  on  the 
superconducting  properties  of  the  thin  films  is  primanly 
through  lattice  damage  from  the  nuclear  stopping  pro¬ 
cess.  At  ion  doses  of  about  10'“*  cm-^.,  the  implanted 
material  is  no  longer  a  superconductor  at  any  tempera¬ 
ture  and  shows  increasing  electrical  resistance  with  de¬ 
creasing  temperature  (semiconductor-hke  behavior). 

Maskless  implantation  of  thin  film  superconductors 
with  high-energy  light  ions  from  a  focused  ion  beam 
system  [14]  such  as  300  keV  Si^"*^  can  produce  a  similar 
effect  to  the  MeV  broad-beam  implants  [35,38]  (see  fig. 
5).  In  this  case  the  superconductor  pattern  is  formed  by 
implanting  regions  at  doses  of  10*^  cm"^  or  higher, 
leaving  unimplanted  areas  as  superconducting  regions. 
The  spatial  resolution  of  this  technique  is  probably 
limited  by  the  large-angle  scattering  of  the  incoming 
light  ions  by  the  heavier  elements  in  the  superconduct¬ 
ing  film  such  as  Ba.  Linewidths  of  0.5  fim  have  been 
demonstrated  using  a  300  keV  Si^”^  beam  (nominally 
100  nm  diameter)  on  2000  A  thick  films  of  YBaCuO 
(1-2-3)  [38].  It  IS  possible  that  finer  patterns  could  be 
made  using  heavier  ions  and/or  thinner  films. 

2  5  All-vacuum  processing 

Three-dimensional  nanostructure  fabrication  for 
optoelectronic  and  quantum-effect  devices  can  benefit 
from  the  greatly  improved  surface  and  interface  layer 
quality  and  low  contamination  offercu  by  all-vacuum 
processing  [41-43],  Ultrathin  epitaxial  layers  can  be 
grown  with  excellent  uniformity  with  techniques  such  as 


Temperature  (K) 


Fig.  5.  Resistance  vs  temperature  for  a  thin  film  (2000  A)  of 
YBaCuO  (1-2-3)  superconductor  implanted  with  various  do¬ 
ses  of  300  keV  Si^^  (after  ref.  (38J). 


molecular  beam  epitaxy  (MBE)  to  produce  planar  struc¬ 
tures.  Devices  using  these  structures  are  usually  made 
by  subtractive  patterning  after  crystal  growth.  This 
processtng  however  renders  the  surface  of  the  structures 
damaged  and  contaminated,  unsuitable  for  epitaxial 
overgrowth.  As  the  feature  sizes  are  decreased,  the 
condition  of  the  surface  has  a  large  eftect  on  the  electri¬ 
cal  and  optical,  properties  of  the  devices.  Overgrowth  on 
the  patterned  substrate  is  often  desirable  for  surface 
passivation.  However,,  once  the  surface  has  been  ex¬ 
posed  to  contaminants  from  the  atmosphere,  resist  used 
in  patterning,  or  etchants,  the  quality  of  overgrowth  is 
poor. 

Focused  ion  beams  offer  a  number  of  possible  pat¬ 
terning  techniques  useful  in  device  fabrication  which 
are  compatible  with  the  ultrahigh-vacuum  (UHV)  and 
surface-contamination  requirements  of  MBE  crystal 
growth. 

One  of  the  first  ideas  for  combining  focused-ion- 
beam  patterning  with  MBE  crystal  growth  was  for 
maskless  implantation  [44,45].  The  system  consists  of  a 
10  keV  focused-ion-beam  implanter  line  the  one  in  fig. 
lb  and  an  MBE  growth  chamber  connected  by  an  UHV 
sample  transfer  tube.  The  EXB  equipped  focusing  col¬ 
umn  and  a  AuSiBe  LMIS  allows  both  n-  and  p-type  of 
patterned  doping  under  computer  control.  The  purpose 
of  this  system  is  to  produce  GaAs-based  optoelectronic 
integrated  circuits  (OEIC)  by  implanting  both  electrical 
(FET)  and  optical  (laser)  structures  in  multiple  epitaxial 
layers  with  atomically  abrupt  interfaces. 

Vacuum  compatible  lithographic  patterning  is  also 
required  for  in-situ  processing  which  includes  over¬ 
growth  on  patterned  substrates.  One  approach  to  this  is 
chemically  enhanced  sputter  etching  [46].  A  gas  inlet 
tube  similar  to  that  used  in  FIB-induced  deposition  is 
used  to  introduce  an  etchant  gas  such  as  Cl  2  mto  the 
chamber  in  the  vicinity  where  the  ion  beam  strikes  the 
target.  Enhanced  material  removal  rates  are  observed 
particularly  at  elevated  substrate  temperatures.  The  en¬ 
hancement  may  be  as  much  as  100  times  over  the 
removal  rate  for  physical  sputtering  alone.  However,- 
this  technique  still  requires  large  ton  doses  to  create 
micron-sized  features  such  as  laser  facets  (lO'®  cm~^  or 
more),  making  large-area  patterning  impractical.  In  ad¬ 
dition.  since  energetic  heavy  ions  are  typically  used 
(e.g.,  20  keV  Ga),  the  bottom  surfaces  of  the  etched 
features  have  considerable  crystal  damage  [47],  leaving 
them  unsuitable  for  epitaxial  overgrowth. 

A  two-step  process  for  vacuum  compatible  hthogra- 
phy  has  also  been  descnbed  using  a  20  keV  Ga  focused 
ion  beam  and  CI2  etching  [48,49],  lii  this  method,  a  thin 
(20-40  A)  oxide  layer  is  grown  on  the  surface  of  the 
Ill-V  crystal  (InP  in  this  case).  The  FIB  defines  the 
pattern  on  the  substrate  by  sputtenng  and/or  modify¬ 
ing  the  oxide  layer  locally.  When  the  sample  is  then 
placed  in  a  Cl  2  etching  chamber,  the  exposed  substrate 
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Fig.  6  Apparatus  for  vacuum  lithography  and  in-silu  processing  The  four  mam  elements  are'  molecular  beam  epitaxy  (MBE)  crystal 

growth,  oxidation.  FIB  patterning  and  dry  etching  (after  ref.  [49]) 


(the  areas  which  have  been  exposed  to  the  FIB)  are 
etched  while  the  oxide-covered  areas  are  not  etched. 
After  the  pattern  is  transferred  to  the  substrate  by  the 
etching  (40  A  of  oxide  is  sufficient  to  etch  features  up  to 
3  pm  deep),  the  oxide  is  thermally  desorbed  in  the  MBE 
growth  chamber  as  first  step  in  the  growth  procedure. 
The  system  used  for  this  method  is  shown  in  fig.  6 
schematically.  This  method  has  been  used  to  pattern 
and  overgrow  features  in  InP/lnGaAs  heterostructures 
with  dimensions  as  small  as  200  nm,  limited  by  the  ion 
beam  diameter.  The  features  show  excellent  morphology 
and  luminescence  properties  indicating  the  quality  of 
the  interface  between  the  patterned  substrate  and  over¬ 
grown  layers  [50]. 


3.  New  developments  in  focused  ion  beam  systems 

The  most  obvious  improvement  to  make  to  a  serial 
wnting  instrument  such  as  a  focused  ion  beam  system  is 
to  increase  the  current  density..  If  the  total  beam  current 
can  be  increased  without  a  penalty  in  spot  size,  the 
processing  throughput  is  improved,  always  an  im¬ 
portant  consideration  in  serial  processing.  If  the  beam 
diameter  can  be  decreased  without  having  to  sacrifice 
total  beam  current,  higher-resolution  patterning  is  pos¬ 
sible.  Ideally  both  a  smaller  spot  and  higher  current  are 
advantageous.  This  problem  can  be  approached  from  at 
least  three  directions  for  chromatically  limited  optics: 

(1)  an  improved  source  can  be  developed  with  inher¬ 
ently  low  energy  spread; 

(2)  the  chromatic  aberration  of  the  focusing  lenses  can 
be  reduced  or  eliminated; 


(3)  existing  or  conventional  optics  designs  can  be  oper¬ 
ated  in  a  more  optimum  way. 

Examples  of  these  ideas  are  presented  in  the  following 
section. 

The  analysis  of  ion  optical  systems  using  LMIS 
usually  assumes  that  the  final  beam-current  distribution 
will  be  Gaussian  and  can  be  described  by  only  a  full- 
width-at-half-maximum  (FWHM)  usually  used  as  the 
beam  diameter.  In  addition,  it  is  usually  assumed  that 
the  effects  of  finite  virtual  source  size,  chromatic  aberra¬ 
tion,  and  spherical  aberration  are  statistically  indepen¬ 
dent  and  the  net  effect  calculated  by  a  root-mean-square 
(RMS)  method.  It  is  clear  that  both  of  these  assump¬ 
tions  are  not  valid  and  are  in  effect  only  approxima¬ 
tions.  A  more  careful  treatment  of  the  beam  profile  and 
how  It  is  affected  by  lens  aberrations  [51,52]  can  lead  to 
both  improved  optics  designs  and  more  optimal  use  of 
current  designs.  In  one  example  [53],  the  system  mag¬ 
nification  was  reduced  by  reducing  the  distance  from 
the  second  lens  (in  a  two-lens  column)  to  the  sample 
[53],  In  this  configuration  beam  diameters  (FWHM)  as 
small  as  15  nm  were  obtained  and  20  nm  wide  lines 
were  written  in  PMMA  resist.  In  addition  to  reducing 
the  FWHM  of  the  beam  profile  the  shape  of  the  profile 
was  also  improved.  That  is,  the  deviation  of  the  profile 
from  a  Gaussian  was  improved,  resulting  in  much  lower 
current  at  large  distances  from  the  peak  of  the  beam 
current  (beam  tails). 

One  approach  to  improving  the  current  density  in 
chromatically  limited  FIB  systems  is  to  reduce  the  chro¬ 
matic  aberration  of  the  lenses.  A  combined  electrostatic 
and  magnetic  quadrupole  lens  can  be  operated  such 
that  the  chromatic  aberration  is  exactly  zero  [54,55].  A 
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single  quadrupole  lens  will  focus  in  one  plane  and 
defocus  in  the  perpendicular  plane.  Therefore,  to  make 
a  round  image  of  a  point  source  such  as  a  LMIS,  a 
multiplet  system  is  required.  A  doublet  lens  results  in 
unequal  magnifications  in  the  two  planes  but  a  triplet 
configuration  can  be  operated  with  equal  magnifica¬ 
tions  to  produce  a  round  beam  spot.  The  idea  of  an 
achromatic  quadrupole  triplet  focusing  system  has  been 
recently  applied  to  LMIS  [56,57].  This  approach  offers 
perhaps  an  order  of  magnitude  increase  in  current  den¬ 
sity  compared  to  electrostatic  round  lenses  at  the  cost  of 
increased  complexity.  The  current  density  is  then  limited 
by  parasitic  aberrations  (mechanical  tolerances,  power 
stability)  and  third-order  aperture  aberrations  (roughly 
analogous  to  spherical  aberration  in  round  lenses)  This 
performance  is  available  at  much  lower  energies  that 
typical  electrostatic  systems  (since  the  focal  properties 
are  independent  of  energy  to  first  order)  which  may 
offer  some  advantages  as  well. 

Gas  field  ionization  sources  (GFIS)  offer  the  poten¬ 
tial  of  higher  current  density  in  the  focused  spot  due  to 
a  lower  energy  spread  ( ~  1  eV)  than  that  for  a  LMIS 
[58-62]  GFIS  are  derived  from  the  field  ion  microscope. 
Like  a  field  ion  microscope  a  GFIS  operates  by  biasing 
a  cryogenically  cooled  sharpened  metal  tip  in  a  gas 
atmosphere.  When  a  high  positive  potential  is  applied 
to  the  tip.  the  electric  field  concentration  in  its  vicinity 
causes  electrons  to  tunnel  into  the  tip  from  the  sur¬ 
rounding  gas  molecules,  resulting  in  ions  being  accel¬ 
erated  away  from  the  tip.  These  tips  are  very  sharp  with 
emission  sites  sometimes  consisting  of  only  a  few  atoms. 
Unlike  the  field  ion  microscope,  the  GFIS  is  optimized 
for  high-current  emission  from  a  single  site  rather  than 
low-current  imaging  of  crystal  planes  on  the  tip.  The 
technical  difficulties  of  operating  a  high-voltage,  low- 
temperature  source  with  adequate  gas  supply,  low  resid¬ 
ual  gas  pressure  and  an  atomically  sharp  tip  have  limited 
its  practical  application  to  date.  The  potential  improve¬ 
ment  in  current  den.sity  of  as  much  as  a  factor  of  100 
over  LMIS-based  systems  is,  however,  a  strong  driving 
force  for  further  work. 

A  practical  system  would  probably  use  He  ions  at 
100  keV  for  polymer  resist  exposure  lithography.  Such  a 
system  would  offer  advantages  over  electron  beam  ex¬ 
posure.  One  would  expect  reduced  lateral-  and  back- 
scattenng  which  can  limit  resolution  and  the  greater 
per-particle  sensitivity  of  resists  to  ions  over  electrons  to 
improve  throughput 

In  addition  to  improvements  in  beam  current  den¬ 
sity.-  a  reduction  in  the  defects  and  damage  caused 
during  chemically  assisted  processes  such  as  etching  and 
deposition  is  important.  Low-energy  focused  ion  beam 
systems  address  this  problem  [63,64,65].  These  focusing 
systems  operate  by  first  forming  a  probe  in  the  usual 
10-70  keV  energy  range  and  decelerating  the  beam  just 
before  it  strikes  the  target  to  minimize  beam  broadening 


by  chromatic  aberration.  The  decelerating  is  accom¬ 
plished  by  biasing  the  substrate  with  a  positive  potential 
with  respect  to  one  or  more  lens  apertures  above  the 
target.  By  careful  design  of  the  deceleration  lens,  a  300 
nm  diameter  beam  with  10  pA  at  1  keV  has  been 
demonstrated  [65].  In  this  case,  the  beam  was  decel¬ 
erated  from  30  keV.  It  is  expected  that  improved  de¬ 
signs  for  the  decelerating  lenses  will  result  in  improved 
performance.  In  order  for  such  a  system  to  significantly 
reduce  the  number  of  defects  created  in  FIB  processing, 
energies  of  less  than  100  eV  are  required  and  it  is  not 
clear  whether  this  type  of  an  approach  can  produce 
submicron  beam  diameters  at  these  energies. 


4.  Summary 

The  emerging  focused  ion  beam  applications  de- 
■scribed  in  the  previous  sections  rely  on  the  current  state 
of  the  art  of  commercially  available  systems.  These 
machines  can  be  quite  .sophisticated  and  highly  auto¬ 
mated  with  computer  controls.  A  photomask  repair 
system  has  a  large  amount  of  control  software  to  allow 
consistent  location  and  repair  of  defects  down  to  the 
resolution  limits  of  the  ion  beam  The  systems  built  for 
maskless  implantation  and  lithography  have  “front-end" 
hardware  and  software  for  processing  chip  design  data 
and  directing  the  beam  wnting  in  very  much  the  same 
way  as  an  electron  beam  lithography  system  does.  As 
the  technology  matures,  and  the  useful  applications 
become  more  well  defined,  the  major  system  improve¬ 
ments  will  probably  be  in  the  controls  and  software. 
Fortunately,  this  technology  is  relatively  young  and 
there  are  still  a  number  of  interesting  improvements  in 
the  ion  beam  part  of  the  systems  which  are  stili  needed. 
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With  a  high  lon-density  plasma  produced  by  elecfon  cyclotron  resonance  (ECR)  sources,  the  space  charge  region  between  the 
plasma  and  a  negatively  biased  target  can  sustain  a  potential  difference  up  to  50  kV.  with  an  implantation  flux  as  high  as  lO'Vt-'tti' 
Other  unique  features  of  this  plasma  immersion  ion  implantation  (Pill)  technique  include,  no  ion  mass  selection,  no  beam  transport 
optics,  and  the  ion  energy  and  angular  distributions  controlled  by  the  plasma  gas  pressure  and  the  applied  bias  waveforms  By  adding 
a  sputtering  electrsKle  into  the  plasma  which  is  powered  by  a  separate  voltage  .supply  (i  e .  a  triode  configuration)  the  implantation 
chamber  can  also  be  converted  into  an  lon-a.ssisted  physical  vapor  deposition  system.  In  this  review  paper,  we  outline  the  physical 
mechanisms  and  operation  modes  of  PHI  and  discuss  applications  of  Pill’s  unique  features  for  ultra-large-scale  integrated  circuit 
fahrication  Recent  successes  of  using  PHI  for  conformal  doping  of  nonplanar  device  structures,  sub-l(X)-nm  p’/n  junction 
formation,  backside  damage  impurities  gettering,  and  selective  electroless  plating  of  metal  interconnects  are  pre.sented 


1.  Introduction 

Recent  advancement  in  ultra-large-.scale  integrated 
circuits  (ULSI)  concerns  the  fabrication  of  more  than 
10^  device  elements  per  circuit  This  high  packing  den¬ 
sity  of  devices  needs  reducvd  doping  geometry  for  both 
the  lateral  and  vertical  dimensions  For  example, 
quarter-micron  complementary  MOS  (CMOS)  circuits 
will  require  source/drain  junction  depths  below  100  nm 
for  proper  .scaling.  For  p  V'l  junction  formation  where 
boron  implantation  is  used,  preamorphization  of  the 
crystalline  Si  is  preferred  together  with  large  doses  of 
boron  to  minimize  the  source/drain  resistance  It  is 
interesting  to  point  out  that  the  final  junction  depth  of 
these  ultra-shallow  junctions  depends  more  on  the 
post-annealtng  thermal  cycle  rather  than  the  as-im- 
planted  depth  profile.  Other  high-dose  implantation 
applications  such  as  doping  of  poly-Si  or  silicides  share 
similar  requirements  -  dose  control  is  more  important 
than  details  of  the  implanted  profile.  These  new 
processing  developments  may  open  up  new  opportuni¬ 
ties  for  ion  beam  technologies  with  non-monoenergctic 
ion  energies. 

To  increa.se  the  signal-to-noise  margin  of  the  circuits, 
usage  of  the  vertical  sidewalls  becomes  more  popular 
for  active  transistor  channels  and  trench  capacitors.  The 
doping  of  these  nonplanar  surfaces  poses  new  chal¬ 
lenges  for  conventional  ion  implantation  which  is  basi¬ 
cally  a  line-of-sight  doping  process.  Another  technology 
bottleneck  for  ULSI  is  the  fabrication  of  multilevel 
metallization.  Due  to  lithography  depth  of  focus  limita- 
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tions  and  step  coverage  problems  with  thin  film  deposi¬ 
tion,  planarized  surface  topography  management  adds 
new  complexity  to  the  processing  sequence  Bilayer  or 
trilayer  metals  are  also  used  to  improve  interface  ad¬ 
hesion,  interfacial  diffusion  barrier.,  and  electromigra- 
tion  resistance  Although  ion  beam  technology  is  still 
not  commonly  utilized  in  these  thin-film  processing 
steps  by  the  semiconductor  industry  because  of  the  high 
doses  needed  (lO'^-lO"^  cm" ").  lon-assisted  deposition 
techniques  can  offer  simpler  proee.ss  designs  if  the 
throughput  of  implanters  can  be  improved. 

Conrad  et  al  [1]  and  Tendys  et  al.  [2]  have  recently 
demonstrated  a  new  ion  implantation  technique,  the 
plasma  immersion  ton  implantation  (PHI)  technique 
Using  a  high  ion  density  plasma  produced  by  Penning 
discharge  and  by  applying  negative  voltage  puLses  up  to 
100  kV  to  the  substrate,  they  successfully  applied  this 
technique  to  improve  the  wear  and  corrosion  resistance 
of  metals  The  principle  of  Pill  is  illustrated  m  the 
schematic  shown  in  fig.  1  With  a  high  ion  density 
(10'”-10''  cm'^)  plasma  produced  by  efficient  ioniza¬ 
tion  .sources,  the  lon-matrix  sheath  between  the  plasma 
boundary  and  a  negatively  biased  substrate  can  sustain 
a  potential  difference  of  many  kilovolts.  The  positive 
ions  inside  the  ion  sheath  will  accelerate  towards  the 
substrate  by  the  negatively  biased  substrate  Depending 
on  the  ion-neutial  scattering  mean  free  path,  the  ions 
will  implant  the  substrate  with  energv  and  angular 
distributions  determined  by  the  plasma  gas  pressure, 
bias  voltage,  the  ion  charge  state,  and  substrate  surface 
contours  In  its  simplest  configuration,  PHI  does  not 
provide  ion  mass  selection  or  beam  transport  optics. 
However,  the  PHI  implant  dose-rate  can  be  very  high 
(~  lO'*’  cm“^  s^')  and  large  implant  workpieces  can 
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Fig  1  Schematic  showing  the  principles  of  plasma  immersion 
ion  implantation 


easily  be  accommodated  inside  the  plasma  without  any 
need  for  beam  raster 


2.  Pill  mechanisms 


to  [3],  The  time  required  to  establish  the 

steady-state  condition  is  -  (v^/9)(a~'(2Ko/7'j 

For  pulse  durations  on  the  order  of  3w,“ the  time 
dependence  of  current  density  is  given  by. 

_  sinli  T  1  \  +  T  sinh  T  —  cosh  T  ,  . 

cosh^  T  ^  cosh^  T 

with  the  normalized  current  density  J  =  y/(2noWo)-  the 
normalized  time  T  =  to,!.  The  charactenstic  ion  velocity 
for  bias  Vq  is  equal  to  (2^F„/Af)'^^  This  analytical 
.solution  is  valid  for  those  ions  in  the  initial  sheath 
matrix  before  expansion. 

For  ions  originally  located  outside  the  sheath  at 
time  =  0,  their  contribution  to  current  density  is  given 
bv: 


«(-'oAn)  +  3'' 

where  s„  is  the  initial  sheath  thickne.ss  and  a,,  is  the 
expanding  sheath  boundary  thickness. 

Re.sults  from  the  Lieberman  model  (dashed  lines)  are 
plotted  in  fig.  3  together  with  those  from  numerical 
solution*'  of  the  plasma  equations  [5]  It  is  interesting  to 
note  that  most  of  the  implant  current  comes  from 
original  sheath  and  the  current  density  peaks  at  around 
co,”‘.  Lieberman’s  model  also  predicts  the  energy  distri- 


Fig  2  shows  the  time  development  of  the  lon-matnx 
sheath  during  PHI.  With  an  abrupt  negative  bias  ap¬ 
plied  to  the  substrate,  electrons  near  the  sukstrate 
surface  are  repelled  in  the  time  scale  of  the  inverse 
electron  plasma  frequency  w^.~'  (10“’  s).  leaving  behind 
a  uniform  density  ion  sheath  The  negatively  biased 
substrate  will  accelerate  the  ions  within  a  time  .scale  of 
the  inverse  of  the  ion  pla.sma  frequency  to”’  (lO”*  s) 
This  ion  movement  will  lower  the  ion  density  and  the 
sheath-plasma  boundary  will  expand  to  sustain  the 
applied  potential  drop,  exposing  more  ions  to  be  ex¬ 
tracted 

An  analytical  model  of  Pill  for  collisionless  ion  flow 
has  been  developed  by  Lieberman  [3]  The  colliscnless 
assumption  will  be  valid  for  Pill  conditions  where  the 
gas  pressure  is  low  In  the  case  where  the  applied  bias 
has  a  duration  much  longer  than  to”’,  a  steady-state 
Child- Langmuir  sheath  will  develop  with  the  ion  cur¬ 
rent  density  j  limited  by  the  space-charge  [4]: 


4  2q'/^ 

^  9^*'  M  ’■ 

'^'50 


(1) 


where  is  the  free-space  permittivity,  q  the  ion  charge, 
M  the  ion  mass,  Kq  the  applied  bias,  and  the  steady 
state  sheath  thickness.  With  a  plasma  density  of  and 
electron  temperature  of  T^,-  it  can  be  shown  that  j  is 
equal  to  eflo^B  where  the  ion  Bohm  velocity  is  equal 
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Fig  2  Schematic  showing  the  time  developnicnt  of  the  lon-ma- 
tnx  sheath  when  a  negative  step  pulse  is  applied  to  the  sub¬ 
strate  at  time  =  0.  (i)  Initial  sheath  formation  within  nanosec¬ 
onds  (11)  Sheath  expansion  within  microseconds  (iii)  Steady- 
state  Child-Langmuir  sheath  after  long  duration 
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Fig  3  Plot  of  normalized  current  dcnsit>  J  versus  normalized 
time  T  The  dashed  lines  show  the  analytical  solution  from  the 
Lieherman  model  [3],  the  solid  line  shows  the  numerical  solu¬ 
tion  of  the  plasma  equations  by  Conrad  [5],  The  asymptotic  J 
value  for  large  T  indicates  the  Child's  law  limit 


bution  d.V/d/-  of  the  tmplantatton  is  proportional  to 
( 1,1  -  £)  ’  '  for  a  colltsionless  sheath  This  functional 
form  can  be  used'to  produce  a  convoluted  implantation 
profile  if  desired. 

For  higher  gas  pressures,  collisional  effects  within 
the  ton  sheath  will  affect  the  energy  and  angular  distri¬ 
butions  Simulation  programs  based  on  Monte  Carlo 
techniques  have  been  developed  for  PHI  modeling  (6,7). 
Results  from  the  simulations  show  that  lon-neutral 
scattenng  is  important  for  pressures  in  the  mTorr  range. 


3.  Pill  configurations  and  operation  modes 

Figs.  4a  and  b  illustrate  the  two  Pill  system  config¬ 
urations  compatible  with  ULSI  processing  require¬ 
ments.  To  avoid  hot  filament  contamination,  an  ECR 
source  operating  at  2,45  GHz  will  provide  the  high  ion 
density  (~  cm'  ’)  to  supply  the  high  implan¬ 

tation  current.  The  substrate  is  biased  from  a  ..ime-vary- 
ing  or  dc  negative  voltage  to  accelerate  the  ions  towards 
the  substrate  surface.  These  two  operation  modes  are 
called  pulsed  PHI  and  dc-PIH  respectively 

With  the  diode  configuration.,  gaseous  sources  such 
as  Ar.  N,.-  BFj,  BjHj,  can  be  used  to  provide  the 
ionization  medium.  The  diode  configuration  is  most 
convenient  for  doping  applications  such  as  shallow 
junction  formation  and  conformal  doping  of  nonplanai 
device  structures  because  many  dopant  gaseous  sources 
are  available  When  metal-contaming  gas  are  used  (e.g. 
WF(,).  the  diode  configuration  can  operate  as  an  lon-as- 
sisted  chemical  vapor  deposition  system  (lACVD), 

By  adding  another  negatively  biased  target  con¬ 
trolled  by  a  separate  power  supply  to  form  a  triode 
configuration,  the  target  atoms  will  be  sputtered  by  the 
carrier  gas  plasma  ions.  Part  of  the  emitted  target  atoms 
will  be  ionized  in  the  ECR  plasma  and  eventually  be 
implanted  into  the  substrate.  In  fig.  5.  we  show  the 
differential  optical  emission  spectrum  from  a  Pd 
sputtering  target  with  Ar  as  the  ECR  plasma  gas  The 
differential  spectrum  was  obtained  by  subtracting  the 
emission  spectrum  of  an  Ar  plasma  operating  under 
identical  ECR  conditions  but  with  the  Pd  target  re¬ 
moved.  Prominent  emission  lines  of  Pd^  can  be  de¬ 
tected  together  with  the  emission  lines  of  neutral  Pd 
This  optical  emission  technique  can  provide  valuable 
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Fig  4  PHI  wiih  F.CR  to  generate  the  plasma  (a)  The  dioue  configuration  uses  ionized  gas  for  the  implant  species  (h)  The  triode 
configuration  uses  ionized  sputtered  atoms  of  .solid  source  for  the  implant  species 
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information  on  the  ionization  efficiency  of  sputtered 
atoms  for  various  Pill  conditions. 

This  lon-assisted  physical  vapor  deposition  (lAPVD) 

IS  very  attractive  for  processing  multilevel  metallization 
in  ULSI.  Example  applications  for  ULSI  processing  are 
seeding  implantation  for  selective  deposition  of  inter¬ 
connects  and  ion  beam  mixing  of  interfaces.  Compound 
thin-film  deposition  formed  by  reactive  sputtering  is 
also  possible  if  the  ECR  plasma  gas  has  the  chemical 
constituents  of  the  desired  compound. 

The  pulsed  Pill  mode  is  necessary  if  dielectric'  coat¬ 
ings  are  present  on  the  substrate  surface.  Otherwise,  the 
dielectric  surface  will  acquire  a  potential  close  to  zero  at 
steady-state,  with  all  the  applied  potential  drop  across 
the  dielectric  layer.  The  tradeoff  with  pulse  mode  oper¬ 
ation  IS  a  smaller  time-average  dose  rate  unless  the 
voltage  supply  can  maintain  high  duty  factors  for  the 
bias  pulses.  For  conductive  substrates,  the  dc-PIll  mode 
is  advantageous  for  high  throughput  applications  be¬ 
cause  the  implantation  current  is  no  longer  restricted  by 
the  duty  factor  and  repetition  rate  of  the  pulse  power 
supply. 

Performance  of  a  prototype  Pill  reactor  has  been 
reported  by  Qian  et  al.  [8].  Shown  in  fig  6  is  the 
photograph  of  an  engineering  Pill  reactor  recently  con¬ 
structed  in  the  Plasma  Assisted  Materials  Processing 
Laboratory  of  the  University  of  California  at  Berkeley. 
The  reactor  is  designed  to  study  PHI  issues  such  as 
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Fig.  7  SRP  profile  of  80  r.m  p  V”  junction  formed  by  PHI 
The  preamorphization  was  performed  in  a  S1F4  plasma  (4  kV, 
25  mC,  dc)  followed  by  BFi  plasma  (2  kV,.  10  mC,  dc)  for 
doping.  RTA-  1060 °C,  1  s  Sheet  resistance.  447  S 


immenion  ion  implantation 

implant  uniformity  over  large  areas,  processing  develop¬ 
ment.  and  reactor  materials  compatibility  with  IC  pro¬ 
cess  requirements.  The  system  is  powered  by  a  commer¬ 
cial.  well-regulated  1500  W  ASTEX  ECR  2.45  GHz 
microwave  source.  The  power  is  coupled  into  the  6-inch 
diameter  source  chamber  using  a  TE,o  rectangular  to 
TMqi  circular  mode  converter  which  eliminates 
azimuthal  plasma  non-uniformities  and  provides  in¬ 
creased  radial  uniformity  over  conventional  coupling 
schemes.  The  plasma  expands  into  an  18-inch  diameter,. 
30-inch  long  process  chamber  where  the  implantation 
takes  place.  The  vacuum  system  consists  of  a  1000  </s 
turbomolecular  pump  for  corrosive  gas  handling  backed 
by  a  mechanical  pump.  Both  the  source  and  process 
chambers  are  aluminum  for  materials  compatibility  with 
the  usual  IC  processes.  The  12-inch  diameter  wafer 
holder  can  be  cryogenically  cooled  to  control  the  tem¬ 
perature  during  implantation  and  has  been  designed  to 
accommodate  wafers  up  to  10  inches  in  diameter.  Initial 
testing  of  the  reactor  indicates  an  ion  density  of  10'”  to 
lO”  cm”-'  at  the  wafer  holder  with  a  microwave  power 
from  500  to  1000  W. 


4.  Applications  for  ULSI  processing 

4.1  Suh-lOO-nm  junction  formation 

BecauM.  of  Pill’s  high  current  and  low  energy  capa¬ 
bilities,  It  is  well  suited  for  ultra-shallow  junction  for¬ 
mation.  Qian  et  al.  [9]  have  reported  results  of  sub-100- 
nm  p^n  junction  formation  in  Si.  They  have  tried  both 
(i)  direct  PHI  from  BE,  plasma,  and  (ii)  Sit'^  PIH  for 
preamorphization  followed  by  BFj  PHI  Secondary  ion 
mass  spectrometry  (SIMS)  profiling  ..hows  the  PIH  pro¬ 
files  peaks  at  the  surface,  follow  by  a  rapid  decrease  of 
the  implant  concentration.  This  decaying  profile  is  char¬ 
acteristic  of  the  energy  distribution  of  PHI.  Rapid  ther¬ 
mal  annealing  was  used  for  the  post-implantation  step 
to  minimize  the  diffusion  thermal  budget.  For  the  direct 
PHI  .samples,  the  dopant  activation  behavior  is  very 
similar  to  conventional  implantation  of  BF,^.  Without 
preamorphization,  rapid  initial  diffusion  of  the  boron 
was  observed  for  the  first  few  seconds  of  the  diffusion 
cycle,  giving  a  junction  depth  in  excess  of  100  nm  [10]. 

To  circumvent  the  rapid  boron  diffusion  process,  the 
Si  substrate  was  preamorphized  with  SiF4  PHI  prior  to 
the  boron  implantation.  In  fig.  7,.  we  show  the  -oreading 
resistance  profiling  (SRP)  results  of  samples  annealed  at 
1060°C  for  1  s.  An  extremely  low  junction  depth  of  80 
nm  was  obtained  with  a  sheet  resistance  of  447  fi/D. 

4.2  Conformal  doping  of  non-planar  Si  .structures 

The  high  packing  density  of  devices  in  ULSI  is  made 
possible  by  making  use  of  vertical  sidewalls  for  active 
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Fig.  8  SEM  micrograph  of  an  Si  trench  after  BF,  PHI  and 
junction  staining  The  junctions  were  formed  by  annealing  at 
1000  "C  for  30  s  The  implant  area  is  about  50  cnr 


transistor  channels  and  charge  storage  elements  such  as 
trench  capacitors.  Conventional  implantation  tech¬ 
niques  have  focused  on  multi-step  implants  with  col¬ 
limated  beam  at  controlled  beam  incidence  angles  (11) 
Using  an  ECR  source  and  RF  substrate  bias.  Mizuno  et 
al.  have  shown  excellent  trench  doping  uniform  for 
trenches  with  0.5  pm  openings  [12]. 

Taking  advantage  of  the  beam  divergence  angle  of 
Pill.  Qian  et  al  have  demonstrated  conformation  dop¬ 
ing  of  high  aspect-ratio  St  trenches  with  BF,  doping 
(13).  In  this  experiment,  Si  trenches  about  1  pm  wide 
and  5  pm  deep  were  etched  into  n-type  Si  wafers  by 
reactive  ion  etching.  A  blanket  PHI  of  BF,  plasma  was 
performed  with  a  bias  voltage  of  - 10  kV  at  a  gas 
pressure  of  5  inTorr  After  annealing  at  1000  °C  for  30  s 
in  nitrogen,  the  wafers  were  cleaved  and  stained  in  a  30 
(HNO,)-l  (HF)  solution  to  delineate  the  p*/n  junc¬ 
tion.  Shown  in  fig.  8  is  a  scanning  electron  microscopy 
(SEM)  micrograph  of  the  stained  Si  trenches  The  uni¬ 
form  formation  of  p ""-layers  with  a  junction  depth  of 
300  nm  along  the  trench  sidewall  was  observed.  Since 
the  junction  depths  on  the  planar  regions  and  the  side- 
wall  are  identical,  this  clearly  demonstrates  the  applica¬ 
bility  of  Pill  for  the  conformal  doping  process. 

Three  mechanisms  have  been  proposed  to  explain 
the  conformal  doping  of  vertical  structures  by  Pill:  (i) 
specular  reflection  of  impinging  ions  by  internal  .side- 
walls,  (li)  angular  divergence  of  the  incident  ion  flux 
due  to  lon-neutral  scattering,  and  (in)  electrostatic  de- 
focusing  of  ion  beams  due  to  protruded  surface  struc¬ 
tures.  Further  work  is  needed  to  clarify  the  contnbu- 
tions  of  the  proposed  mechanisms] 

4.3  Seeding  for  planarized  selective  metal  deposition 

To  minimize  RC  time  delays  in  ULSI  circuits,  multi¬ 
level  interconnects  are  a  necessity.  The  fine  features  of 
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Fig  9.  Process  flow  for  selective  plating  of  copper  intercon¬ 
nects  in  SiOi  trenches  with  Pd  PHI  seeding 

the  interconnects  and  the  small  metal-to-metal  pitch 
also  requires  planarized  dielectric  isolation  and  vertical 
filling  of  contact  vias.  Recently.,  .selective  deposited 
tungsten  and  electroless  plated  copper  have  been  in-- 
vestigated  extensively  for  this  purpose.  Seeding  by  Si  or 
W  implantation  for  selective  tungsten  deposition  was 
first  demonstrated  by  Thomas  et  al.  [14,15].  Both  con¬ 
ventional  implantation  and  MEVVA  implantation  have 
been  used  in  these  investigations  [16]. 

Since  copper  has  a  very  low  electrical  resistivity  (2 
pO-cm)  and  exhibits  good  electromigration  properties,  it 


Fig.  10.  SEM  micrograph  showing  plated  Cu  interconnects  in 
SiOj  trenches.  The  interconnect  linewidth  is  3  pm. 
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is  an  ideal  conductor  for  IC  interconnects.  Unfor¬ 
tunately,  leactive  ion  etching  of  copper  has  not  been 
successful  so  far  due  to  the  lack  of  suitable  volatile 
copper  etching  by-products.  Using  PHI,  Qian  et  al.  have 
recently  reported  selective  electroless  plating  of  copper 
interconnects  with  Pd  seeding  [17],  V'ith  conventional 
copper  electroless  plating,  a  Ti  layer  is  first  deposited 
on  the  Si02  substrate.  The  Ti  surface  is  then  activated 
by  a  Pd  exchange  process  with  a  PdCl  solution,  fol¬ 
lowed  by  the  plating  process  which  uses  a  mixture  of 
CUSO4  and  KCN  solution  [18].  Since  both  the  activa¬ 
tion  and  plating  steps  depend  critically  on  the  seeding 
surface  chemistry,  the  process  window  is  extremely  nar¬ 
row,  giving  irreproducible  deposition  from  run  to  run. 
Hence,  the  direct  implantation  of  Pd  by  Pill  greatly 
simplifies  the  plating  process  by  eliminating  the  Pd 
activation  solution  for  seeding  copper  plating. 

For  Pd  PHI,  a  tnode  configuration  is  used  with  Ar 
gas  to  excite  the  plasma  source.  A  Pd  sputtering  target 
is  immersed  in  the  plasma  and  has  an  independently 


controlled  negative  bias  to  regulate  the  sputtering  rate. 
The  sputtered  neutral  Pd  will  form  a  continuous  flux  for 
deposition  while  the  Ar"*^  and  Pd"^  will  assist  the 
penetrati.m  of  deposited  Pd  into  the  substrate  via  the 
ion  beam  mixing  and  direct  implantation  mechanisms. 
Rutherford  backscattering  spectroscopy  (RBS)  analyses 
show  that  the  threshold  Pd  dose  required  to  seed  Cu 
plating  is  about  4x10’“’  cm“^  and  Pd  penetration 
below  the  Si02  surface  is  about  10  nm  when  a  substrate 
bias  of  -6  kV  was  used.  For  pure  Ar  PHI,  no  Cii 
plating  can  be  detected  on  the  Si02.  This  result  indi¬ 
cates  the  seeding  process  is  controlled  by  the  Pd  en¬ 
riched  surface  and  is  not  related  to  implantation  damage. 

Using  masking  to  define  the  Si02  trenches  as  well  as 
an  implantation  mask.  Pd  PHI  was  then  used  to  seed  the 
bottom  of  the  trenches.  After  mask  removal,  elect;  oless 
copper  will  only  be  selectively  deposited  inside  the 
trenches  but  not  on  the  masked  area.  The  process  flow 
is  shown  m  fig.  9.  Fig.  10  shows  the  SEM  micrograph  of 
the  plated  Cu  lines  inside  the  S1O2  trenches. 


(1)  Implantation 


Implant  Defects 


:  / 
\  i  /" 


Metallic  Impurities 


Backside 
,  ^ 


Circuit  Side 


Fig.  11.  Process  flow  showing  backside  damage  impurity  gettering  using  Pill. 
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4.4  Impurity  gettering  with  implant  damage 

It  IS  well-known  that  damage  created  by  ion  implan¬ 
tation  of  noble  gas  at  the  backside  of  Si  wafers  can  form 
gettering  centers  for  metallic  impurities  [19).  However, 


this  backside  getteimg  technique  is  not  cost-effective 
using  conventional  implanters  because  of  the  high  dose 
needed.  Since  the  implant  damage  profile  is  not  im¬ 
portant  and  the  dose  uniformity  requirement  across  the 
whole  wafer  is  not  stringent,  PHI  is  well-suited  for  this 
application  with  its  e,x*remely  high  implantation  dose- 
rate. 

Wong  et  al.  [20]  and  Qian  et  al.  [21]  have  recently 
demonstrated  the  effectiveness  of  using  PHI  to  getter 
Au,  Ni  and  Cu  in  silicon  wafers.  The  process  sequence 
of  PHI  backside  gettering  is  illustrated  in  fig.  11.  Ir. 
their  experiments,  p-type  CZ  silicon  wafers  with  (100) 
orientation  and  re.sistivity  of  15  H  cm  were  used.  After 
metal  marker  diffusion,  the  surface  of  the  wafers  were 
subjected  to  ion  implantation  with  Ar  or  Ne  PHI  at  a 
negative  dc  or  pulsed  voltage  of  20-40  kV.  During 
operation,  the  gas  pressure  was  about  10“  ’  Torr,  and 
the  microwave  power  was  700  W  The  gettering  thermal 
annealing  was  performed  at  1000  °C  for  1  h  in  a  N; 
ambient. 

Two  RBS  spectra  of  Au  doped  wafers  with  and 
without  the  Ar  implantation  are  shown  in  figs.  12a  and 
b.  The  gettering  effect  of  Au  at  the  silicon  surface  due 
to  PHI  IS  evident.  The  gettered  Au  areal  density  is 
about  4.4  X  10”  cm~^  for  an  Ar  implant  dose  of  1.1  X 
lO”  cm''  after  annealing  Fig,  12c  shows  the  Ne  im¬ 
plant  gettering  effect.  The  implanted  Ne  atoms  cannot 
be  measured  by  RBS  due  to  their  light  mass  The 
implanted  dose  is  comparable  to  the  Ar  dose  in  fig.  12b 
based  on  wafer  charge  integration  measurements.  An 
areal  density  of  4.5  X  lO”  cm  of  Au  was  detected  in 
the  surface  of  Ne  implanted  wafer.  PHI  of  Ar  into  Si 
also  shows  more  efficient  gettering  of  Ni  and  Cu.  an 
effect  probably  due  to  the  larger  diffusivities  of  these 
metals  in  silicon 


5.  Wafer  charging  considerations 

For  MOS  devices  used  in  ULSI  circuits,  thin  gate 
oxides  on  the  order  of  5  to  10  nm  will  be  used.  For 
self-aligned  source/ drain  implants,  of  great  concern  is 
whether  the  gate  will  accumulate  enough  charge  during 


Fig.  12,  RBS  spectra  of  Au-doped  Si  wafers,  (a)  Without 
implant,  (b)  With  Ar  implant  at  a  dose  of  1  1  x  lO”  cm“^  and 
peak  voltage  of  -38  kV  The  amount  of  gettered  Au  was 
4.4x10”  cm'^.  The  surface  peak  positions  of  Ar  and  Au  are 
marked  in  the  figure.  The  portion  of  the  spectra  containing  Ar 
and  Au  peaks  was  magnified  50  times,  (c)  With  Ne  implant. 
The  bias  pulse  peak  voltage  was  -38  kV  The  amount  of 
gettered  Au  was  4  5  X  lO”  cm"^.  The  Au  surface  peak  position 
IS  marked  in  the  figure.  The  portion  of  the  spectrum  containing 
the  Au  peak  was  magnified  50  times.  The  wafers  were  annealed 
atl000°Cforlh. 


Fig  13  Schematii.  showing  the  wafer  charging  sequence  with  Pill  operating  in  the  pulse  mode.  Electrons  will  be  atti acted  towards 

the  substrate  by  positive  surface  charge  during  off-cycle  of  pulse 


implantation  causing  oxide  breakdown.  Similar  wafer 
charging  problem  have  also  been  reported  for  poly-Si 
doping  implants.  With  conventional  heavy  current  im- 
planters,  electron  flood  guns  are  often  employed  to 
neutralize  the  accumulated  positive  ion  charge  with 
various  degree  of  success. 

It  is  important  to  point  out  that  the  Pill  process  has 
a  built-in  mechanism  to  neutralize  surface  po.sitive 
charge  accumulation.  Fig.  13  shows  a  simplified  wafer 
charging  sequence  of  a  SiO,  on  Si  structure  during  Plil 
As  discussed  previously  in  the  Pill  operation  mode 
section,  pulsed  mode  is  required  for  substrates  with 
insulating  surface  coatings.  At  the  onset  of  the  negative 
pulse,  the  surface  potential  of  S1O2  v/ill  be  equal  to 
-  F(r)  since  the  voltage  across  the  oxide  capacitor 
cannot  be  changed  instantaneously  This  negative 
surface  potential  will  induce  the  ion  implar'.ution.  creat¬ 
ing  a  positive  surface  charge  and  attractinjt  the  plasma 
electrons  for  neutralization  dunng  the  off  cycle  of  the 
pulse.  If  we  define  to  be  the  maximum  po.sitive 
surface  charge  per  unit  area  acquired  foi  each  Pill  pulse 
which  will  create  oxide  breakdown,  is  the  equal 
to. 

I? max  ~  ^brt*akd(iwn^^*^2  )  ^  ^ox''  (^) 

where  £'|,r„,(j„,j,n(Si02)  and  are  the  breakdown  field 
and  dielectric  constant  of  Si02  respectively.  Using  a 
conservative  breakdown  field  of  5  MV/cm,  is  on 
the  order  of  1  X  lO'^  ^/cm^-pulse.  This  worst-case  con¬ 
sideration  stronglv  suggests  that  for  MOS  Pill  applica¬ 


tions.  it  is  preferable  to  use  short  duty-factrr  and  high 
frequency  pul.ses. 

To  investigate  the  wafer  charging  problem  and  to 
study  Pill  oxide  damage  effects,  aluminum  C-V  dots 
with  diameters  from  100-1000  pm  were  deposited  on 
Si02/n-Si  substrates.  The  gate  oxide  thickness  was  20 
nm.  These  test  wafers  were  subjected  to  blanket  PHI 
with  conditions  similar  to  those  of  shallow  p  V" 
tion  formation  using  S1F4  preamorphization  and  BFj 
doping  Oxide  breakdown  testing  was  then  carried  out 
without  post-implant  annealing.  The  breakdown  field  is 
the  same  (8  MV/cm)  for  samples  without  implantation 
and  with  PHI  dose  of  lO''’  cm  \  C-V  tests  of  the  MOS 
capacitors  also  show  no  threshold  shift  due  to  the  high 
dose  PHI. 


6.  Conclusions 

The  motivation  lor  developing  the  PHI  technology  is 
primanly  driven  oy  recent  processing  and  manufactur¬ 
ing  requirements  for  ULSI  device  structures.  From  the 
machine  design  point  of  view,  the  simplicity  of  PHI 
reactors  makes  it  an  ideal  candidate  for  cluster-tool 
development  The  impurity  contamination  issue  will 
need  reactor  design  improvement  but  the  technical  diffi¬ 
culties  are  similar  to  those  of  reactive  ion  etching  and 
plasma  enhanced  chemical  vapor  deposition.  Uniform¬ 
ity  requirements  on  the  order  of  1%  across  8-inch  Si 
wafers  is  difficult  to  attain  with  pre.sent  ECR  sources 
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but  distributed  ECR  sources,  magnetic  plasma  confine¬ 
ment,  and  substrate  holder  design  are  potential  candi¬ 
dates  for  better  uniformity  [24], 

Recent  processing  research  shows  very  favorable  re¬ 
sults  to  use  PHI  for  conformal  doping,  preamorphiza- 
tion,  high  dose  doping,  selective  plating  of  metal  inter¬ 
connects,  and  damage  induced  impurity  gettering.  Al¬ 
though  the  dose-rate  capability  of  PHI  is  extremely 
high,  wafer  heating  will  be  the  limiting  factor  for 
throughput  considerations  in  ULSI  processing.  Pill  is 
also  unlikely  to  replace  conventional  implanters  for 
applications  such  as  threshold  voltage  tailoring  or  bi¬ 
polar  base  doping,  where  energy  and  beam  punty  are  of 
utmost  concern.  However,  for  applications  where  the 
implant  depth  profile  is  noncntical  such  as  source/ drain 
formation,  poly-sihcide  doping,  trench  capacitor  dop¬ 
ing,  and  multilevel  metallization,  PHI  does  offer  many 
unique  features  for  fabricating  new  device  structures. 
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Using  plasma  immersion  ion  implantation  (Pill).  sub-I(X)  nm  p  + /n  junctions  were  fabricated  with  S1F4  preamorphization 
followed  by  BF,  doping  With  this  technique,  the  dose  rate  can  be  as  high  as  10’'’/cm‘  per  second.  The  silicon  wafer  was  immersed  in 
S1F4  or  BFj  plasma  and  bia.sed  with  a  negative  voltage  The  positively  charged  10ns  were  accelerated  by  the  electric  field  in  the  plasma 
sheath  and  implanted  into  the  wafer  The  junction  depth  can  be  controlled  by  varying  the  negative  voltage  applied  to  the  wafer 
holder  and  thermal  annealing  conditions 

i.  Introduction 

Extremely  shallow  (less  than  1(X)  nm)  p  +  /n  junc¬ 
tion  formation  is  a  key  issue  m  th'  development  of 
subrmcron  CMOS  technology  With  conventional  ion 
imolanters.  molecular  ion  has  been  used  as  the 
implant  species  to  lower  the  boron  effective  kinetic 
energy  [IJ.  In  order  to  reduce  the  channeling  effect  and 
to  activate  dopants  without  excessive  diffusion,  an  im¬ 
plantation  step  to  preamorphize  the  silicon  substrate 
prior  to  BFt*  implantation  is  also  required  [2].  Since 
relatively  large  doses  are  needed  for  both  preamorphiza- 
tion  and  doping,  the  overall  implantation  process  can 
be  time  consuming. 

large  dose  rate  ion  implantation  technique,  plasma 
immersion  ion  implantation  (Pill),  has  been  used  to 
implant  nitrogen  and  other  ion  species  into  the  surface 
of  machine  parts  to  improve  wear  or  corrosion  resis¬ 
tance  [3-4].  Recently,  a  prototype  plasma  PHI  appara¬ 
tus  dedicated  to  integrated  ciicuil  piocessing  ha»  been 
developed,  and  was  successfully  applied  to  implant  no¬ 
ble  gas  10ns  into  Si  for  metallic  impurity  gettenng  [5,6]. 

In  this  paper,  we  show  that  PIII  can  be  used  for  sub-100 
nm  p  +  /n  Junction  fabrication.  Both  S1F4  preamorphi- 
zation  and  BF,  doping  were  carried  out  in  sequential 
steps  by  switching  the  plasma  gases. 


2.  Experiment 

Show'n  in  fig.  1  is  a  schematic  of  the  p  +  /n  junction 
fabrication  process  using  the  PIII  technique  The  silicon 
wafer  was  immersed  in  a  SiF4  plasma  for  preamorphiza-- 
tion,  then  in  a  BF,  plasma  for  doping.  The  wafer  was 
bia.scd  with  a  dc  or  pulsed  negative  voltage.  A  plasma 
sheath  around  the  wafer  was  generated  by  the  applied 


Fig  1  Schematic  of  p  +  /n  junction  fabrication  process  u.sing 
plasma  immersion  ion  implantation 
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negative  potential.  The  positively  charged  ions  were 
accelerated  by  electnc  field  in  the  sheath  and  implanted 
into  the  wafer.  The  plasma  was  excited  in  an  electron 
cyclotron  resonance  (ECR)  discharge  chamber  with  an 
800  W,  2.45  GHz  microwave  power  supply.  The  charge 
flow  per  pulse,  including  ions  and  secondary  electrons, 
was  measured  with  a  current  transformer  (Rogowski 
loop)  connected  to  an  integrator.  The  total  dose  was 
later  calibrated  against  the  number  of  pulses  When  a 
dc'  bias  IS  used,  the  dose  was  monitored  with  a  current 
meter  serially  connected  in  the  circuit.  For  this  shallow 
p  +  /n  junction  study,-  we  have  investigated  both  dc 
and  pulsed  bias  methods  To  avoid  wafer  heating  and  to 
obtain  better  dose  control,  a  lower  microwave  power  of 
100  W  was  used.  A  detailed  description  of  the  PHI 
apparatus  has  been  presented  elsewhere  [7] 

After  the  PHI  doping  f '•ocess,  the  Si  wafer  was  rapid 
thermal  annealed  (RTA)  to  activate  the  boron  dopant. 
RTA  was  performed  in  a  N,  ambient  at  a  flow  rate  of  3 
SCCM  to  prevent  sample  surface  oxidation  Sheet  resis¬ 
tance  was  then  measured  with  a  four  point  probe,  and 
the  carrier  profiles  were  measured  using  the  spreading 
resistance  (SPR)  technique  Secondary  ion  mass  spec¬ 
troscopy  (SIMS)  was  used  to  analyze  the  implant  depth 
profiles  before  and  after  annealing 


3.  Results  and  discussion 

Experimental  results  of  sheet  resistance  and  junction 
depth  dependence  on  dosage  and  bias  potential  are 
presented  in  figs  2.  3  and  4  P-type  CZ  wafers  with 
resistivity  of  10-50  S2  cm  were  u.sed  The  BF,  gas 
pressure  was  set  at  1  mTorr  A  dc  voltage  from  -  500  V 
to  -20  kV  was  applied  as  the  wafer  bias.  After  PHI,,  all 
.samples  were  annealed  for  20  s  at  various  temperatures. 

Fig  2  shows  the  sheet  resistance  dependence  on  PHI 


l  ig  2.  The  sheet  resistance  dependence  on  BF,  PHI  dose  The 
wafer  bias  was  -5  kV  and  RTA  wa.s  performed  at  1060°C  for 
20  s  for  this  group  of  samples.  The  minimum  sheet  resistance 
obtained  was  50  Q/D  under  this  condition 


Fig  3  The  sheet  resistance  dependence  on  wafer  bias  voltage 
Samples  were  implanted  with  BF,  Pill  al  a  dose  of  4  mC/cm' 
and  annealed  at  1060°C  for  20  s  A  dc  bias  from  -500  V  to 


-20  kV  was  applied  during  implanlation 

dose  as  charge  per  unit  wafer  area.  The  wafer  bias  was 
set  at  -  5  kV  for  this  group  of  samples  As  shown  in  fig 
2.  the  sheet  resistance  decreases  monotonically  with  the 
dose  As  the  dose  was  raised  from  0.05  mC/cm"  to  0.5 
mC/cm%  the  sheet  resistance  dropped  from  1050  B/D 
to  100  Q/D  However,,  the  curve  flattened  out  as  the 
dose  exceeded  4  mC/cm*.  The  minimum  sheet  resis¬ 
tance  obtained  was  50  0/P  with  -  5  kV  bias  and  RTA 
at  1060°C  for  20  s  From  SIMS  and  SPR  profile  studies. 
It  w'as  found  that  the  boron  atomic'  concentration  near 
the  .silicon  surface  of  the  samples  was  well  above  the 
activation  limit  of  2  X  lO'"  cm'"  at  1060°C  [8],  Lower 
sheet  resistai.ee  was  achieved  by  annealing  these  sam¬ 
ples  at  higher  temperature  or  for  a  longer  time,  because 
a  larger  fraction  of  boron  atoms  was  driven-in  to  a 
concentration  below  the  activation  limit.  With  our  ex¬ 
perimental  PHI  system,  the  standard  deviation  of  sheet 
resistance  across  a  2  in.  wafer  was  about  40%  when  a 
pulsed  bias  was  used.  In  dc  mode,  the  uniformity  is 
poorer,  e.specially  when  the  bias  voltage  is  high  A  much 
belter  uniformity  is  expected  with  the  recently  con¬ 
structed  10  in,  reactor  in  UC  Berkeley 

Sheet  resistance  dependence  on  wafer  bias  is  shown 
in  fig  3  At  a  dose  of  4  mC/cm^,,  sheet  resistance 
dropped  from  250  fi/P  to  50  J2/P  as  the  negative  bias 
increa.sed  from  500  V  to  5  kV.  Using  SIMS  analysis,  it 
wa.s  found  that  a  large  portion  of  boron  atoms  was 
localized  near  the  surface  region  with  a  concentration 
above  the  activation  limit  for  the  -500  V  and  -2  kV 
samples,  so  that  higlier  sheet  resistances  were  observed 
in  the.se  samples.  However,  in  higher  biased  samples, 
dopants  were  more  evenly  distnbuted  due  to  the  deeper 
penetration  of  the  more  energetic  ions,  which  led  to  a 
higher  percentage  of  activated  boron.  Further  raising  of 
the  voltage  did  not  affect  the  resistance  much  for  this 
particular  dose  condition  because  a  full  activation  wa.s 
nearly  reached 
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WAFER  BIAS  (-kV) 

Fig,  4  The  electrical  junction  depth  dependence  on  ivafer  bias  Samples  were  implanted  with  bias  from  -  500  V  to  -- 10  kV  at  a  fixed 

dosage  of  4  mC/cm’  and  annealed  at  1060°C  for  20  s 


Shown  in  fig  4  i.s  the  effect  of  bia.s  voltage  on 
electrical  junction  depth,  a.s  defined  by  a  junction  ear¬ 
ner  concentration  of  lO’^cm'.  As  expected,  the  higher 


bia.s  potential  incre.i.sed  the  implantation  ton  energy, 
which  in  turn  resulted  in  a  deeper  junction  However., 
the  junction  depth  in  all  samples  annealed  at  1060°C 


DEPTH  (nm) 

Fig  5  SIMS  profiles  of  BF,  plasma  immersion  ion  implanted  .Si  wafers  before  (a)  and  after  (b)  thermal  annealing.  The  “B"  and  “F" 
in  the  figures  repre.sent  boron  and  fluorine  concentrations,  rc,spectively  The  doping  was  carried  out  at  a  -2  kV  dc  bia.s  with  a  gas 
pressure  of  3  mTorr.  The  implantation  dose  was  4  mC/cm'  The  sample  in  (b)  was  annealed  at  1060°C  for  20  s 
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for  20  s  was  much  deeper  than  the  prediction  of  LSS 
theory  [9].  Moreover,  extrapolation  of  to  zero  bias 
voltage  gives  a  value  of  140  nm.  The  apparently  high 
with  a  low-energy  implantation  suggests  that  sub-100 
nm  p  +  /n  junction  formation  in  crystalline  Si  substrate 
with  the  above  annealing  condition  is  not  feasible,  even 
when  the  applied  bias  voltage  is  reduced  to  zero. 

A  pair  of  SIMS  profiles  from  a  sample  before  and 
after  annealing  are  presented  in  figs.  5a  and  5b.  BFj 
Pill  doping  was  performed  at  3  mTorr  gas  pressure 
with  a  dc  bias  of  -2  kV.  The  dose  was  4  mC/cm^.  As 
shown  m  fig.  5a,  the  boron  profile  peak  was  very  close 
to  the  wafer  surface.  The  boron  concentration  decreased 
by  three  orders  of  magnitude  to  1  5  x  lO'Vcm-  at  a 
depth  of  30  nm  below  the  surface.  However,  this  boron 
concentration  was  located  at  130  nm  after  a  thermal 
annealing  at  1060°C  for  20  s  as  shown  in  fig.  5b.  This 
rapid  diffusion  of  shallow  implanted  boron  during  an¬ 
nealing  IS  in  agreement  with  observations  in  conven¬ 
tional  implantation  experiments  [10,11].  Apparently,  a 
shorter  RTA  cycle  or  lower  annealing  temperature  is 
required  for  sub-100  nm  p  -(-  /n  junction  fabrication. 


DEPTH  (nm) 


An  interesting  observation  to  be  noted  from  the 
SIMS  measurements  was  the  fluorine  depth  distnbution 
of  the  as-implanted  samples.  Due  to  a  moderate  elec¬ 
tron  temperature  of  4-8  eV  in  ECR  plasmas,  most  ions 
generated  are  presumably  in  the  form  of  one-fluorme- 
stnpped,  singly  charged  However,  the  total 

amount  of  fluorine  measured  in  fig.  5a  was  much  less 
than  the  boron  dose.  The  existence  of  a  small  con¬ 
centration  of  double-fluorine-stripped  ions  and  fluorine 
outdiffusion  during  PHI  may  be  responsible  As  shown 
in  fig.  5b,  most  fluorine  outdiffused  after  RTA  at  1060°C 
for  20  s. 

To  check  the  effect  of  ion  channeling  during  the  Pill 
process,  we  have  compared  the  SIMS  profiles  of  BF^ 
PHI  into  crystalline  and  amorphous  CVD  silicon  sam¬ 
ples,  A  steeper  decay  of  the  SIMS  profile  tail  for  the 
amorphous  sample  indicates  that  a  preamorphization 
step  will  help  to  reduce  the  junction  depth. 

To  demonstrate  the  feasibility  of  fabricating  sub-100 
nm  p  +  /n  junctions,  we  have  used  S1F4  PHI  pre¬ 
amorphization  followed  by  BFj  PHI  doping.  To  show 
the  real  p  +  /n  junction,  n-type  CZ  wafers  with  resistiv¬ 
ity  of  8-12  Q  cm  were  used  in  this  expenment  DC 
wafer  bias  was  applied  for  both  implantation  steps.  The 
preamorphization  was  performed  in  S1F4  plasma  with  a 
-4  kV  dc  wafer  bias  at  the  gas  pressure  of  3  mTorr.  A 
preamorphization  dose  of  3  X  10‘  Ycm^  was  obtained  in 
about  10  s.  The  doping  implantation  was  then  per¬ 
formed  in  BF,  plasma  at  a  bias  of  -  2  kV  to  a  dose  of 
1  2  X  lO'Vttn'.  The  post-implantation  annealing  was 
performed  at  1060°C  for  1  s.  As  shown  in  the  SPR 
profile  of  fig  6.  the  observed  peak  carrier  concentration 
IS  1  X  10^'*  cm"’  The  electrical  junction  depth  is  only 
80  nm  and  the  sheet  resistance  is  447  H/D. 


4.  Conclusion 

Sub-100  nm  p  -i-/n  junctions  were  fabricated  with 
PHI.  Using  PHI.,  the  do.se  rate  can  be  much  larger  than 
with  conventional  ion  implanters.  The  sheet  resistance 
and  junction  depth  can  be  regulated  with  implantation 
dosage,  wafer  bias  and  RTA  conditions.  For  extremely 
.shallow  p  +/n  junction  formation,  sample  preamorphi¬ 
zation.  moderate  boron  dose  and  short-cycle  RTA  are 
required.  With  S1F4  PHI  preamorphization  followed  by 
a  -  2  kV  BF,  PIH  at  a  dose  of  1  2  X  lO' Vcm^  and  RTA 
at  1060°C  for  1  s,  80  nm  p  +  /n  junctions  were  success¬ 
fully  obtained 


Fig  6.  The  SPR  profile  of  sub-100  nm  p -l- /n  junctions  fabri¬ 
cated  with  PHI  The  preamorphization  was  performed  in  S1F4 
plasma  al  -4  kV  dc  b-as  with  a  dose  of  3xl0'Yem’  The 
doping  implantation  was  hen  performed  in  BF,  plasma  at  -  2 
kV  dc  bias  with  a  dose  of  1.2xlO'Vcm‘  Tlie  post-implanta- 
lion  annealing  was  performed  at  1060°C  for  1  s. 
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SIMOX-material  quality  in  a  semi-industrial  production 

J.M,  Laniure,  J.  Margail,  B.  Biasse,  J.F,  Michaud,  A,  Soubie.  C.  Pudda.  F.  Gusella 
and  C.  Jaussaud 

Ltihiinihxre  d'rAe<.trnmqtw,  de  Teihnnlogie  et  d'fnstnimenmiion.  Commissariat  a  I'Energie  Alnmique.  Centre  d'Etudes  Nuileaires 
de  Creiiohle,  ttSX,  .CWI  Grenohte  Cede\,  France 


Based  on  the  results  of  five  sears  of  research  on  the  SIMOX  process,  a  complete  facility  for  production  of  SIMOX  wafers  on  a 
semi-industrial  basis  has  been  set  up  at  LETl  This  facility  schich  is  located  in  a  cla.ss-100  clean  room  comprises  an  EATON  NV  200 
implanter,  a  high-temperature  annealing  furn.ice  and  nondestructive  characterization  tools.  A.s-implanted  wafers  are  characterized 
from  the  point  of  sieve  of  particles,  implanted  oxvgen  dose  and  dose  homogeneity  After  annealing,  the  silicon  overlayer  thickness  and 
homogeneits  are  measured  Destructive  characterization  tools  such  as  nuclear  reaction  analysis  (NRA)  for  absolute  oxygen-dose 
monitoring  and  secondary-ion  mass  spectrometry  (SIMS)  foi  metallic-impurity  controls  are  also  used  i  EM  and  XTEM  are  u.sed  to 
monitor  the  disKication  density  and  the  Si.  SiO,  interface  quality  The  SIMOX  wafers  have  typically  a  200  nm  thick  silicon  layer  on 
top  of  a  .380  nm  thick  buried  oxide  and  a  dislocation  density  smaller  than  5x10' cm  -  This  facility  is  also  used  for  research  on 
SIMOX  material  with  a  view  to  producing  verv  thin  (  <  100  nm)  silicon  ovcrlavers  that  will  be  required  for  the  future  CMOS/SOI 
circuit  generations 


I.  Introduction 

LETI  has  been  invcslvecl  in  producing  silicon-on-in- 
sulator  wafers  formed  by  oxvgen  ton  implantation 
(SI.MOX)  since  1984  Oxygen  implantation  was  first 
performed  on  a  conventional  machine  (1  mA  current)' 
equipped  with  a  modified  target  chamber  [1|  that  al-. 
lowed  wafer  temperature  control  up  to  700''C  before 
and  during  the  implantation  In  1985.  high-temperature 
annealing  was  introduced  [2],  and  a  furnace  specially 
designed  for  annealing  up  to  1350°C  became  available 
al  Lbl  I  m  1986  Based  on  the  results  obtained  on 
devices,  the  decision  to  set  up  a  facility  for  SIMOX 
production  was  made  in  1986  This  facility  has  been 
operational  since  mid-1989  Before  this  date,  most  cir¬ 
cuits  processed  in  our  laboratory  used  IBIS  implanted 
wafers,  annealed  at  LETl 


2.  SIMOX  wafer  fabrication 

The  facility  includes  all  the  equipment  for  implanta¬ 
tion.  annealing  and  nondestructive  characterr/ations 
The  process  flow  of  wafer  fabrication  is  the  following 

2  /  Oxygen  implantations 

Oxygen  implantations  are  done  on  an  baton  NV  200 
implanter  [3]  equipped  with  an  electron  cyclotron  re.so- 
nance  source.  The  beam  is  stationary,,  but  a  small  dither 
IS  used  to  improve  the  homogeneity  The  beam  current 


on  the  wafers  ts  40  mA.  and  the  implantations  are 
performed  into  bare  wa‘'eis 

2  2  Post-implantation  contiol 

Both  destructive  and  nondestructive  tests  are  done 
after  implantation 

Nondestructn  e  tests  Particles  are  counted  on  every 
wafer  and  the  implanted  do.se  is  measured  by  infrared 
(IR)  .spectro.scopy  in  one  wafer,  at  17  points.  The  wafers 
are  observed  at  grazing  incidence  for  detection  of  large 
defects  such  as  .scratches,  and  under  an  optical  micro- 
.scopc  for  observation  of  small  defects. 

Desiriictire  tests  on  one  wafer  in  one  hatch  out  o)  fire 
Since  IR  is  not  an  absolute  measurement,  the  do.se  is 
controlled  by  nuclear  reaction  analysis  [4],  metallic' con¬ 
tamination  (Fe.  Cr.  Cu)  is  controlled  by  secondary-ion 
mass  spectroscopy  (SIMS)  and  the  material  quality  is 
as.ses.scd  by  transmission  electron  microscopy  (TF.M) 
observation. 

2  J  A  tinea  ling 

High-temperature  annealing  is  performed  under  a 
600  nm  thick  SiOi  cap  at  1320°C  m  an  aigvin  atmo¬ 
sphere  with  a  small  percentage  of  oxygen  The  furnace 
uses  a  SiC  tube,  and  100  wafers  can  be  annealed  per 
run.  The  maximum  wafer  size  that  can  be  annealed  is 
150  mm. 

After  cap-etching,  the  silicon  thickness  ts  measured 
by  reflectivity,  with  a  home-made  program,  at  17  point.s 
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on  one  wafer  in  each  batch.  The  thickness  is  then 
adjusted  to  the  required  value  by  sacnficial  oxidation. 

Before  delivery,  the  silicon  thickness  is  controlled  by 
reflectivity:  measurements  are  performed  at  1  point  on 
each  wafer.,  and  at  17  points  on  one  wafer  The  wafers 
are  observed  under  an  optical  microscope  and  one 
wafer  is  taken  for  destructive  control  by  SIMS.  TEM 
and  cross-sectional  TEM  (XTEM).  Since  two  wafers  are 
kept  for  destructive  control,  the  delivered  batches  con¬ 
tain  23  wafers. 


3.  Production 

3  I  Standard  production 

2500  wafers,  which  corresponds  to  15%  of  the  wafers 
produced,  are  standard,  stabilized  products.  This  pro¬ 
duction  started  in  April  89,  and  has  rapidly  improved, 
compared  to  the  specifications  given  by  the  implanter 
manufacturer  (in  particular  dose  homogeneity  and  par¬ 
ticle  levels)  The  more  serious  problem  that  stopped  the 
machine  for  a  long  period  was  related  to  the  target-- 
chamber  rotation  system.  An  unusual  number  of  par¬ 
ticles  were  added  during  the  implant,  and  it  was  found 
that  the  origin  of  this  problem  was  a  leak  at  the  seal 
between  the  rotating  shaft  and  the  taiget  chamber.  The 
characteristics  of  the  standard  production  that  we  can 
guarantee  on  100  mm.  (100)  wafers,  for  a  190  keV 
implant  energy  into  bare  silicon  are  the  following: 

-  dose.  1  8  X  lO'**  0*/cm^,..  ±2"^  on  each  wafer,.  +3% 
batch  to  batch; 

-  temperature.  600 '’C,, 

-  SiOi  thickness'  380  nm; 


-  final  silicon  thickness:  average  value  200  ±  6  nm;  ±  8 
nm  uniformity  on  each  wafer; 

-  total  particle  count;  <  5  particles/cm^  (for  particles 
larger  than  0.5  jim,  measured  before  annealing). 
Typical  values  for  the  dose  and  thickness  across  a 

wafer  are  shown  in  fig.  1.  For  the  other  parameters,  we 
do  not  give  the  specifications,  but  typical  values  are  the 
following: 

-  metallic  contamination:  smaller  than  the  SIMS 
threshold; 

-  dislocation  density;  <  5  X  10^  cm”';. 

-  stacking  faults;  <10‘*cm"“. 

Complementary  tests  are  carried  out  on  unimplanted 
substrates  that  went  through  all  the  other  processing 
steps.  These  tests  are  particle  count  at  every  step  and 
C(V)  characterization  after  high-temperature  anneal¬ 
ing 

3  2  Nonstandard  production 

This  facility  is  also  used  for  research  on  the  implan¬ 
tation.  annealing,  and  thinning  processes  The  research 
direct.ons  that  are  presently  under  way  are  the  follow¬ 
ing. 

(1)  Multistep  implantations:  Implantation  in  two  or 
three  steps  with  annealing  between  the  implants  [5]  has 
been  performed  to  improve  the  material  quality.  We 
first  observed  that  a  two-step  process  on  our  research 
implanter  was  successful  to  obtain  SIMOX  structures 
with  very  low  dislocation  densities,  and  very  few  silicon 
islands  at  the  lower  Si/SiOi  interface  [6],  The  same 
experiment  carried  out  on  an  NV  200  implanter  showed 
that  .silicon  islands  are  still  present  in  the  buried  SiOi 
after  two-step  implants,  and  three-step  implants  are 


SILICON  oxygen  dose 


F’OSITION  (nm) 

Fig,  1  Oxygen  implantation  dose  ( x )  and  silicon  thickness  (D)  acro.ss  a  100  mm  wafer  The.se  measurements  are  taken  along  a 
diameter  parallel  to  the  larger  beam  dimemston.  which  corresponds  to  the  larger  nonhomogeneities. 
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necessary  to  get  the  same  result  as  on  the  research 
machine. 

(2)  Implantation  at  lower  energies:  the  NV200  is 
designed  to  operate  at  200  keV,  and  since  the  homo¬ 
geneity  relies  on  the  energy  distribution  in  the  beam, 
any  change  in  the  implantation  conditions  (current  or 
acceleration  energy)  requires  a  delicate  optimization  of 
the  machine  parameters.  But  the  trend  towards  thinner 
silicon  overlayers  leads  us  to  decrease  the  implantation 
energy,,  and  the  implantation  can  now  be  performed  at 
160  keV,.  leading  after  annealing  to  a  silicon  thickness 
of  150  nm  These  implantation  conditions  correspond  to 
different  values  of  beam  current  densities  and  tempera¬ 
ture,  which  may  have  an  impact  on  the  material  quality. 
Investigation  of  the  quality  of  this  material  is  presently 
under  way 

4.  Characterization 

The  necessity  of  delivering  batches  with  more  and 
more  exacting  specifications  has  led  us  to  increase  the 
number  of  characterization  steps,  with  emphasis  on 
nondestructive  tools.  Most  of  these  tools  required  an 
adaptation  to  the  particular  SIMOX  structure 

4  I  Particles 

The  counting  of  particles  on  wafers  is  based  on  the 
measurement  of  light  diffused  by  the  particles.  This 
diffused  light  has  two  components,  light  scattered  in  the 
backward  direction  and  light  scattered  in  the  forward 
direction  and  reflected  at  the  silicon  surface  The  latter 
is  much  stronger  than  the  former,  and  for  highly  reflec¬ 


tive  substrates,  the  intensity  received  by  the  detector  is 
roughly  proportional  to  the  substrate  reflectivity.  Unan¬ 
nealed  substrates  have  very  smooth  Si/Si02  interfaces, 
and  the  total  reflectivity  is  close  to  that  of  bulk  silicon 
On  the  other  hand,  annealed  substrates  have  very  sharp 
Si/Si02  interfaces,  and  their  reflectivity  varies  strongly, 
which  leads  to  very  large  errors  in  the  particle  count. 
Calibrations  done  on  unannealed  SIMOX  substiates 
with  0.36  gm  latex  spheres  are  very  close  to  tho.se  on 
bulk  silicon,  whereas  they  are  very  different  on  an¬ 
nealed  substrates.  So,  at  the  present  time,  we  can  count 
particles  on  unannealed  wafers  only.  The  measuiements 
use  a  laser  beam  at  633  nm,  a  wavelength  which  is  not 
strongly  absorbed  by  silicon  The  use  of  a  shorter  wave¬ 
length  strongly  absorbed  in  the  200  nm  thick  silicon 
layer  would  eliminate  the  interferences  with  light  re¬ 
flected  at  the  buried  Si/SiOi  interfaces  but  might  be 
more  sensitive  to  surface  roughness.  Systems  working  at 
a  wavelength  of  500  nm  should  soon  be  available  on  the 
market 

4  2  Dose 

Nondestructive  dose  control  is  performed  by  in¬ 
frared  (IR)  spectroscopy  The  position  and  the  shape  of 
the  SiO,  absorption  band  around  1060  cm"  '  depend  on 
the  nature  of  the  Si-0  bond  and  changing  the  implan¬ 
tation  conditions  such  as  temperature  and  energy  will 
change  the  absorption  for  a  given  implanted  do.se.  Fig.  2 
shows  an  example  of  a  calibration  curve  for  a  standard 
190  keV  implantation.  The  calibration  points  at  160 
keV  are  outside  the  calibration  curse  and  the  IR  mea¬ 
surement  therefore  has  to  be  calibrated  against  an  ab- 
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solute  measurement  technique  such  as  nuclear  reaction 
analysis 

4  3  Thickness 

Reflectivity  in  the  visible  range  is  a  convenient  way 
to  measure  the  silicon  film  thickness.  Nevertheless,  due 
to  interferences  with  the  light  reflected  al  the  lower 
SiOi/Si  interface,  automatic  measurements  are  difficult 
for  thicknesses  below  100  nm.  This  technique  does  not 
readily  give  the  SiOj  tliickness,  which  at  the  moment  is 
only  estimated  from  the  dose  measurement.  Fig.  1  gives 
the  thickness  and  dose  values  obtained  on  a  typical 
wafer 

Spectroscopic  ellipsometry  offers  an  alternative  to 
reflectivity  Besides  the  Si  thickness,  it  can  give  the  SiOj 
thickness,  and  information  about  the  structure  of  the 
layers  (presence  of  a  polycrystalhne  layer,-  buried  silicon 
islands  in  the  SiO,  layer,  etc.).  Recent  developments 
such  as  the  use  of  diode  arrays  have  reduced  the 
acquisition  time  from  20  nun  to  a  few  seconds.  Never¬ 
theless.  the  interpretation  of  the  spectrum  still  has  to  be 
improved  to  allow  a  rapid  and  automatic  access  to  the 
information  that  this  technique  can  provide.  Spatial 
resolution  limits  its  use  to  substrate  characterization, 
while  the  availability  of  very  small  spots  allows  the  use 
of  reflectivity  for  silicon  thickness  control  during  circuit 
processing 


5.  Characterizations  to  be  developed 

There  are  two  important  fields  in  which  the  lack  of 
characterization  tools  is  particularly  obvious;  metallic 
contamination  and  crystalline  quality  evaluation 

5.1  Metallic  contamination 

Secondary-ion  (or  neutral)  mass  spectroscopy  is  the 
only  method  that  gives  information  on  the  nature  of  the 
contaminant,  its  concentration  and  depth  profile.  But 
besides  being  destructive,  the  residual  levels  are  loo 
high  (between  lO'^  and  lO'^  cm"’,  depending  on  the 
ion)  and  not  very  reproducible.  Methods  based  on  life¬ 
time  measurement  are  being  developed,  but  they  can 
only  measure  the  bulk  lifetime,  and  the  correlation  with 
the  SIMOX  material  quality  is  not  straightforward, 
lotal  X-ray  fluorescence  analysis  is  a  potentially  inter¬ 
esting  method  (it  has  very  high  sensitivities:  in  the 
10’-10‘’  cm"’  range),  but  the  analysis  is  limited  to  a 
surface  layer  of  a  few  nanometers  thickness.  An  estima¬ 
tion  of  its  applicability  lo  SIMOX  contamination  con¬ 
trol  is  under  way 


5  2  Dislocations 

The  crystalline  quality  of  SIMOX  has  improved  from 
lO’-lO'®  dislocations/cm’  for  the  first  SIMOX  struc¬ 
tures  [7]  to  lO’-lO"'  cm"’  for  the  best  published  results 
[8].  TEM  can  be  used  to  measure  defect  densities  largei 
than  lO’  cm"’.  Better  sensitivities  can  be  obtained  at 
the  expense  of.  a  very  long  observation  time.  For  exam¬ 
ple,  16  h  of  observation  were  necessary  to  confirm  that 
the  dislocation  density  was  less  than  10‘*  cm"‘  on  a 
sample  implanted  in  three  steps.  Several  methods  such 
as  chemical  or  electrochemical  etching  and  X-ray  topog¬ 
raphy  [9]  have  been  tried  to  measure  dislocation  densi¬ 
ties  less  than  lO’  cm"’. 

Chemical  etching  based  on  the  differential  etching 
rates  between  perfect  silicon  and  localized  regions  of 
higher  chemical  potential  (dislocations,  precipitates,  etc.) 
has  been  currently  used  to  reveal  crystallographic  de¬ 
fects  on  bulk  silicon.  But  the  standard  etchants  used  on 
bulk  silicon  are  difficult  to  use  on  SIMOX  silicon 
overlayers  (usually  less  than  250  nm  thick)  because  of 
the  small  differential  etching  rate  between  perfect  sili¬ 
con  and  defect  regions.  The  results  published  on  very 
low  dislocation  densities  observed  by  pitch  counting 
after  chemical  etching  on  multistep  implants  [9.10,11] 
were  obtained  on  thick  silicon  overlayers  obtained  by 
epitaxy. 

Recently,  the  method  has  been  improved  using  elec¬ 
trochemical  etching  to  improve  the  differential  etching 
rate  between  perfect  and  defective  crystals  [12].  This 
technique  appears  to  be  powerful,  but  etch  pits  are 
correlated  to  both  dislocations  and  metallic  impurities 
[13].  So  more  work  on  the  correlation  between  etch  pit 
densities  and  known  dislocation  densities  or  metallic 
impurity  concentrations  is  required  to  assess  this  tech¬ 
nique. 

However,  the  real  need  is  in  nondestructive  char- 
actenzation  methods  Such  methods  have  been  pro¬ 
posed  to  evaluate  the  dislocation  density  from  as-im- 
planted  samples:  Raman  line  shifts  have  been  shown  to 
correlate  with  the  dislocation  density  observed  after 
annealing  [14,15].  but  too  few  studies  of  this  method 
have  been  made  to  assess  it  for  dislocation  density 
measurements  in  SIMOX  structures.  Other  methods 
such  as  thermal  waves,  spectroscopic  ellipsometry  and 
X-ray  topography  have  been  suggested,  but  no  evidence 
has  been  given  that  a  clear  correlation  exists  between 
the  observed  signals  and  the  dislocation  density. 


6.  Material-quality  impact  on  devices 

6. 1.  Silicon  thickness  influence  on  threshold  voltage 

Fig.  3  shows  the  influence  of  silicon  overlayer  thick¬ 
ness  on  the  threshold  voltage,  F],  of  NMOS  transistors. 
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For  silicon  thicknesses  less  than  150  nm,  there  is  a 
strong  variation  of  K,  with  silicon  thickness  (30 
mV /nm).  These  F,-variations  are  due  to  a  rapid  vana-. 
tion  with  the  silicon  thickness  of  the  boron  percentage 
implanted  in  the  buried  SiO;,;  which  leads  to  variations 
of  the  boron  concentrations  under  the  gate.  To  avoid 
this,  for  the  process  parameters  that  we  use,  the  silicon 
thickne,ss  must  be  larger  than  150  nm. 

6  2  Yield 

Medium-complexity  circuits  (I6K  SRAMs  having 
more  than  100000  transistors)  are  processed  at  LETI. 
The  yields  are  usually  around  60%,-  which  is  quite  simi¬ 
lar  to  what  we  obtain  on  bulk  silicon,  and  yields  of  90% 
have  been  obtained  This  shows  that  for  medium-com¬ 
plexity  circuits,  parameters  such  as  dislocation  and  par¬ 
ticle  densities,  though  much  more  important  than  on 
bulk  silicon,  have  no  significant  influence  on  yield 


7.  Conclusion 

A  complete  SIMOX  wafer  fabncation  line  is  now 
operational  at  LETI.  Particular  emphasis  has  been  put 
on  wafer  quality  control  wbch  uses  both  nondestructive 
optical  techniques  and  heavy  desi  ctive  methods  such 
as  TEM  and  SIMS.  Yields  of  up  to  90%  have  been 
obtained  on  161C  SRAM  (100000  transistors)  and  no 
difference  between  yields  on  SIMOX  and  bulk  silicon 
has  been  observed,  indicating  that  very-high-quality 
SIMOX  material  can  now  be  produced.  The  more  and 
more  exacting  requirements  of  process  engineers  on 
SIMOX  wafer  specifications  will  require  more  on-line 
nondestructive  charactenzation  tools.  Some  such  as 
spectroscopic  ellipsometry  are  already  under  develop¬ 


ment  but  .some  others  ar.  still  lacking,  in  particular  for 

metallic-contamination  monitoring. 
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Annealing  behaviour  of  implanted  (001)  and  (111) Si  inside 
miniature  size  oxide  openings 

C.W.;  Nieh '  and  L.J.  Chen 

Department  of  Matertals  Science  and  Engineering,  National  Tsing  Hua  University.,  Hsiiu  hii,  Taiwan 


Both  planview  and  cross-sectional  transmission  electron  microscopy  have  been  applied  to  study  the  annealing  behaviour  of  (001) 
and  (lll)Si  inside  miniature  size  oxide  openings  implanted  with  110  keV  BF;'  to  a  dose  of  2x10''  cm  '  In  (001)  samples, 
dislocations  were  observed  to  form  at  the  intersections  of  the  lateral  and  vertical  regrowth  fronts  The  tvpe  and  densitv  of  residual 
defects  were  found  to  be  largely  independent  of  the  size  of  the  oxide  opening  The  effects  of  lateral  growth  in  (111)  samples  were 
found  to  be  much  more  pronounced  than  those  for  (001)  samples.  The  presence  of  the  lateral  interface  drasticallv  altered  the 
distribution  of  residual  d  ts  The  effects  of  lateral  growth  on  the  distribution  of  residual  defects  were  found  to  be  more  prominent 
with  decreasing  size  of  the  oxide  opening 


1..  Introduction 

Ion  implantation  has  become  a  standard  processing 
step  in  fabricating  shallow  junctions  in  very  large  scale 
integrated  circuits  (1).  Previous  studies  of  the  post-im- 
plantation  annealed  silicon  were  almost  exclusively  con¬ 
ducted  on  laterally  unconfined  films  In  practical  appli¬ 
cations.  the  ion  implanted  silicon  is  often  laterally  con¬ 
fined  Because  the  implanted  area  is  finite  in  extent,  the 
recovery  process  ceases  to  be  planar.  A  precise  knowl¬ 
edge  of  the  spatial  distributions  of  dopants  and  damage 
in  annealed  samples  is  important  for  the  fabrication  of 
small-diniension  devices.  <'n  experimental  study  of  the 
effects  of  lateral  confinements  is  more  demanding  than 
the  investigation  of  extended  layers,  because  a  good 
depth  perception  as  well  as  a  good  lateral  re.solution  is 
now  required.  Progress  in  understanding  reactions  in 
laterally  confined  implanted  layers  has  been  corre¬ 
spondingly  slow  The  information  obtained  from 
Rutherford  backscattering  spectrometry,  transient  re¬ 
flectivity  and  conductance  measurements  are  the  aver¬ 
age  properties  of  a  relatively  large  area  (-mm*)  (2j. 
Therefore,  the  annealing  behaviour  of  amorphous  sili 
con  in  a  small  region  formed  by  ion  implantation 
through  miniature  size  oxide  opening  can  only  be  ob¬ 
tained  by  using  transmission  electron  microscopy 
(TEM). 

A  localized  amorphous  region  inside  a  miniature  size 
oxide  opening  is  bounded  by  vertical  and  lateral 
amorpiious/crystalline  (a/c)  interfaces.  Stress  is  in¬ 
duced  by  the  volume  expansion  of  the  amorphous  phase 
as  well  ;is  by  the  dopant  s’ze  effect.  The  annealing 

'  Present  address'  Hughes  Research  Laboratory,,  Malibu,  CA, 
USA. 


behaviour  of  B"'  and  As*  implanted  silicon  in  laterally 
confined  regions  have  been  reported  recently  [3-5]  In 
this  paper,  we  report  the  results  of  a  TEM  investigation 
of  the  annealing  behaviour  of  samples  implanted  with 
1 10  keV  BFi'  to  a  dose  of  2  X  lO'^  cm  ’  We  note  that 
BE,'  implantation  has  been  commonly  utilized  to  form 
p'/ti  shallow  junctions  in  microelectronics  devices  The 
residual  defects  in  annealed  (001)  and  (lll)Si  samples 
without  confinement  were  well  characterized  by  TEM 

[6.7] 

2.  Experimental  procedures 

Single-crystal,  3-5  cm.  phosphorus-doped  (001 )  or 
(111)  oriented  silicon  wafers  with  0.6-10  pm  wide  oxide 
openings  were  implanted  with  110  keV  BFj'’  to  a  dose 
of  2  X  lo'^  cm"'  at  room  'enperature.  The  patterned 
wafers  were  supplied  by  the  Xerox  Palo  Alto  Research 
Center  The  beam  current  density  was  maintained  to  be 
less  than  1.4  X  lO'"  cm  s  '  to  alleviate  the  beam 
heating  effect.  The  wafers  were  oriented  7°  off  the 
incident  beam  direction  to  minimize  the  channeling 
effect.  Almost  all  samples  were  annealed  isothermally  in 
flowing  dry  nitrogen  in  a  diffusion  furnace  at  tempera¬ 
tures  ranging  from  600  to  1100°C.  The  annealing  time 
was  0.5  h  unless  otherwise  specified.  The  high  purity 
nitrogen  gas  was  first  passed  through  a  titanium  getter 
tube,  maintained  at  800°C,  to  reduce  the  Oj  content 

Cross-sectional  TEM  (XTEM)  samples  were  pre¬ 
pared  following  the  procedures  outlined  by  Marcus  and 
Sheng  [8].  Planview  samples  were  also  examined 
whenever  it  was  deemed  helpful  in  gaining  information 
on  residual  defects.  Detailed  procedures  for  polishing  of 
planview  specimens  were  reported  previously  [9],  A 
JEOL-200CX  .scanning  transmission  electron  micro- 
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Fig  1  HLinview  micrographs,  (OOl)Si,  800®C:  (a)  bnght  field,  0.6  pim  linear  and  (b)  weak  beam  dark  field  (WBDF),  1  ^lm  circular 

regions 


scope  operating  at  200  keV  was  used  for  the  TEM 
examinations.  The  defect  distribution  has  been  investi¬ 
gated  by  both  cross-sectional  and  planview  microscopy. 
The  weak  beam  dark  field  technique  was  used  to  reveal 
the  true  shape  of  the  defects  [10).  The  detection  limit  m 
terms  of  adequate  contrast  for  the  small  lotips  is  about 
3  nm. 


3.  Results  and  discussion 

The  thickness  of  the  SiOj  layer  was  about  500  nm 
which  IS  expected  to  be  effective  in  shielding  the  un¬ 
derlying  silicon  from  ion  bombardment.  Amorphization 
of  the  surface  layer  to  a  depth  of  140  nm  was  observed 
No  difference  in  the  solid  phase  epitaxial  growth  (SPEG) 
rale  was  found  among  samples  with  oxide  openings  of 
different  sizes.  The  stress  level  apparently  was  not  high 


Fig  2.  (OOl)Si.  900°C,  bnght  field:  (a)  planview  micrograph,  1. 


enough  to  cause  delectable  change  in  the  a/c"  regrowth 
rate 

3. 1  (001 )  samples 

After  annealing  at  600°C  for  30  min,  SPE  regrowth 
was  completed.  A  50  nm  thick  band  with  a  high  density 
of  point  defect  clusters  was  observed  beneath  the  origi¬ 
nal  a/c'  interface.  In  the  600-800®C  annealed  samples, 
both  equiaxial  and  irregular  dislocation  loops  were 
found  to  be  distributed  near  the  original  lateral  and 
vertical  a/c  interfaces  In  addition,  dislocations  were 
observed  near  the  original  lateral  a/c  interface  Their 
Burgers  vectors  were  determined  as  ^(110).  Examples 
are  shown  in  fig.  1.  It  is  thought  that  the  dislocations 
were  formed  at  the  intersections  of  the  vertical  and 
lateral  a/c  regrowth  front  owing  to  a  slight  rmsorienta- 
tion  between  the  two  regrowth  fronts.  With  the  excep¬ 
tion  of  the  linear  defects  near  the  original  lateral  a/c' 


[im  and  (b)  cross-sectional  micrograph,  1  gm  linear  regions 
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interface,  the  regrowth  regions  are  essentially  defect 
free.  After  900°C  annealing,  equiaxial  and  intersecting 
dislocation  lines  were  annealed  out.  Irregular  disloca¬ 
tion  loops  were  found  to  be  confined  to  the  implanted 
regions  Examples  are  shown  m  fig.  2. 

In  1000-1 100°C  annealed  samples,  the  density  of 
irregular  dislocations  was  significantly  reduced  Dislo¬ 
cations  were  observed  to  be  confined  within  the  im¬ 
planted  region  Most  of  the  dislocations  were  located  af 
a  depth  corresponding  to  the  original  a/c  interface 
Similar  to  tho.se  found  in  broad  area  samples,  fluorine 
bubbles  were  formed  in  bands,  about  30  nm  in  thick¬ 
ness.  centered  at  depths  corresponding  to  the  and 
original  a/c' interface 

The  annealing  behaviour  of  the  end-of-range  defects 
were  similar  to  those  in  broad  area  samples  The  type 
and  density  of  the  residual  defects  were  found  to  be 
largely  independent  of  the  size  of  the  oxide  opening. 
The  mam  differences  in  the  distribution  of  residual 
defects  between  broad-area  and  laterally  confined  sam¬ 
ples  are  the  conspicuous  additional  band  of  dislocation 
loops  at  the  original  lateral  interface  and  the  intersect¬ 
ing  disKx'ations  in  the  latter  case. 

mi)  sample': 

Complete  amorphization  to  a  depth  of  140  nm  was 
found  A  band  with  a  high  density  of  defect  clusters  was 
ob.served  near  the  lateral  and  vertical  a/c  interfaces  An 
example  is  shown  in  fig  3 

In  samples  annealed  at  600-900°C.  a  high  density  of 
defect  clusters  was  observed  near  the  lateral  and  vertical 
a/'c  interfaces  Lateral  growth  along  the  [110]'  direction 
was  revealed  by  the  presence  of  a  200  nm  wide  oefect- 
free  region  The  SPEC)  behavior  along  the  [111]  direc¬ 
tion  was  similar  to  that  of  extended  area  samples  .A 
laser  tree  from  any  defects  was  formed  for  the  initial  15 
nm  growth  A  high  density  of  twins  was  found  foi  the 
subsequent  regrowth  The  presence  of  both  [irimary  and 


Fig  3  Cross-sectional  micrograph:  (lll)Si.  bright  field,  as 
implanted 

secondary  twins  was  revealed  by  the  analysis  of  diffrac¬ 
tion  patterns.  Examples  are  shown  in  figs.  4  and  5. 

In  1000-1 100°C  annealed  samples,  no  irregular  dis¬ 
location  loops  were  ot..erved.  Twins  were  formed  in  the 
regions  regrown  on  (lll)Si.  Fluorine  bubbles  were  ob¬ 
served  A  200  nm  wide  band  with  a  low  density  of 
bubbles  was  observed  near  the  original  lateral  a/c  inter¬ 
face  Examples  are  shown  in  fig  6 

The  effects  of  lateral  gre  '.th  m  (111)  samples  were 
found  to  be  much  more  pronounced  than  tho.se  for 
(001)  samples.  Th<,  volume  fraction  of  laterally  regrown 
regions  was  much  higher  than  that  for  (001)  samples 
inside  oxide  openings  of  the  same  size  As  the  size  of  the 
implanted  region  deci eased,  the  lateral  regrowth  be¬ 
came  the  dominant  growth  process.  The  defect  distribu¬ 
tion  clearly  reflects  the  influence  of  the  regrowth  direc¬ 
tion  Twins  were  observed  only  in  the  region  regrown 
on  (lll)Si.  The  widths  of  the  lateral  regrowth  regions 
were  about  200  nm  along  the  (OH)  directions  indepen¬ 
dent  of  the  annealing  temperature  and  the  size  of  the 
cixide  opening. 

For  extended  area  samples,  the  volume  fractions  of 
bubbles  were  higher  than  those  in  (001)  samples  In 
(111'  samples,  a  high  density  of  twins  was  present.- 
whereas  it  was  absent  in  (001 )  samples  Twin  boundanes 
may  act  as  the  nucleation  sites  for  bubbles  and  facilitate 
the  growth  of  bubbles  The  regions  near  the  lateral 
original  a/C  inteilace  with  a  low  density  of  bubbles 


b'g  4  (1 1  DSi.  bright  field,  700°  C  (a)  cross-scctional  and  (b)  planview  micrographs,  1  pm  linear  region.s 
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Fig  5  PlaiNiew  micrograph,  (ni)Si,  bright  field.  900°C;  (a)  1  (im  linear  and  (b)  1  2  gm  circular  regions. 


coincides  with  the  lateral  regrowth  region  which  is  free 
from  twins  The  results  provide  strong  evidence  for  the 
significant  influence  of  twins  on  the  formation  of  bub¬ 
bles 


4.  Summar)  and  conclusions 

Both  planview  and  cross-secttcnal  TEM  have  been 
applied  to  study  the  annealing  behaviour  of  (001)  and 
(llDSi  inside  miniature  .size  oxide  openings  implanted 
with  no  keV  BE;"  to  a  dose  of  2x  lO"  cm'-  The 
effects  of  the  substrate  orientation,  annealing  tempera¬ 
ture.-  size  and  shape  of  the  oxide  opening  on  the  forma¬ 
tion  of  residual  defects  have  been  investigated 

In  (001)  samples,  dislocations  were  observed  to  form 
at  the  intersections  of  the  lateral  and  vertical  regrowth 
fronts  The  annealing  behaviour  of  the  end-of-range 
defects  were  similar  to  those  in  broad  area  samples  The 
type  and  density  of  residual  defects  were  found  to  be 
largely  independent  of  the  size  of  the  oxide  opening. 

The  effect  of  lateral  gro-wth  in  (111)  samples  was 
found  to  be  much  more  pronounced  than  that  for  (001) 


samples.  Twins  were  obser-  ed  only  in  the  region  re¬ 
grown  on  (lll)Si  The  widths  of  the  lateral  regrowth 
legions  were  about  200  nm  along  the  (OlT)  directions 
independent  of  the  annealing  temperature  and  the  size 
of  the  oxide  opening.  The  region  near  the  lateral  origi¬ 
nal  a/c  interface  with  a  low  density  of  bubbles  coin¬ 
cides  with  the  lateral  regrowth  region  which  is  free  irom 
twins  The  resuKs  provide  strong  evidence  for  the  sig¬ 
nificant  influence  of  twins  on  the  formation  of  bubbles 
The  presence  of  the  lateral  interface  drastically  altered 
the  distribution  of  residual  defects  The  effects  of  lateral 
growth  on  the  distribution  of  residual  defects  were 
found  to  be  more  prominent  with  decreasing  size  of  the 
oxide  opening 
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t'pitaxial  CoSi;  layers  have  been  fabricated  in  silicon  by  implanting  200  keV  cobalt  ions  to  doses  of  2  x  lO'  -7  x  lO'  Co  ‘  cm  ‘ 
For  the  lower  doses  (2x10”  and  3  X  lO”  Co  ’  cm  ’  j  the  synthesised  layers,  after  implantation,  are  silicon-rich  and  consist  of  A-  and 
B-type  CoSi ;  precipitates  interwoven  by  silicon  For  the  medium  doses  (4x  lO”  and  5  x  lO”  Co  '  cm  " )  an  epitaxun  aligned  laser 
of  CoSi;  IS  formed  after  implantation,  with  any  e.xcess  cobalt  being  incorporated  in  small  C  oSi  inclusions  at  the  peak  of  the 
distribution,  For  the  highest  doses  (6xI0'  -7x10”  Co*  cm  ')  preferential  .sputtering  ol  the  silicon  at  the  surface  of  the 
ssnthesised  laser  means  that  thts  region  is  cobalt-rieh  and  grains  of  CoSi  form  abose  the  epitaxial  CoSn  laser 

As  the  dose  is  increased  up  to  5xl0'  Co'  cm  ",  the  crystallinity  of  the  laser  imprt'ses,  after  which  it  deteriorates  again  as  the 
thickness  of  the  layer  of  CoSi  grains  increases  The  degradation  in  crystallinity  is  accompanied  bv  a  rise  in  resistisity  and  this  can  he 
correlated  to  the  value  of  s  in  CoSi ,  When  \  *1  then  the  resistisits  of  the  layer  increases  and  there  is  a  corresponding  deterioration 
in  crsstal  quahts  After  annealtng  the  resisltsits  of  the  CoSi.  laser  decreases  and  the  crsstalhnits  miproses  as  the  ratio  of  Co  Si 


approaches  that  in  the  sioichionietric  compound  (CoSi;) 

1,  Introduction 

The  fabrication  of  high  quality  CoSi;  lasers  using 
ion  beam  synthesis  (IBS)  has  been  successfully  per¬ 
formed  by  a  number  of  groups  [1-16]  and  is  rapidly 
becoming  an  area  of  significant  interest  in  microelec¬ 
tronics  research  This  is  mainly  due  to  the  fact  that  very 
high  quality,,  single  crystal  silicide  layers  can  nosv  be 
produced  using  IBS  IBS  CoSu  layers  have  several 
other  advantages  over  layers  fabricated  by  other  tech¬ 
niques,,  for  example,  the  only  reports  of  successful  epi¬ 
taxial  CoSi,  growth  on  device-compatible  (100)  siliccm,. 
are  those  using  IBS  IBS  layers  also  display  some  of  the 
losses!  resistivities  reported  for  CoSu, 

Potential  microelectronic  applications  of  IBS  CoSt; 
include  its  use  in  low  re,sistance  interconneJs  and  con-, 
tacts  and  fast  bipohi'  devices  [17-18]  The  loss  re,sistis- 
ity  and  close  lattice  match  of  CoSi,  to  silicon  (mismatch 
=  1  22'?)  and  its  compatibility  with  silicon  processing 
technology  makes  it  particularly  attractive  for  these 
purposes  However,,  before  successful  devices  can  be 
fabricated  it  is  important  to  understand  how  the  physi¬ 
cal  properties  and  dimensions  of  the  IBS  CoSi,-  layers 
are  affected  by  the  implantation  parameters,  both  be¬ 
fore  and  after  annealing  In  this  paper  W'e  undertake  a 
de,ailed  examination  of  how  the  microstructural  and 

'  Now  at  Philips  Research  Laboratories,  .S6(K)  JA  i  indhosen, 
I  he  Netherlands 


electrical  properties  of  IBS  C'oSis  layers  depend  upon 
the  implanted  dose  and  the  annealing  conditions 

2.  Experimental 

Cobalt  ions  with  an  energy  of  200  keV  were  im¬ 
planted  into  .<  in  device-quality  n-iype  (100)  silicon 
(resistivity  of  17-2.3  cm)  During  implantation,  the 
ion  beam  svas  used  to  heat  the  wafer  so  that  the  sub¬ 
strate  temperature  rose  to  approximalelv  350  °C!.  and  to 
minimise  conductive  heat  losses  during  implantation, 
the  wafer  was  mounted  on  silicon  tips  The  implanted 
do.ses  ranged  between  2  x  lO”  and  7  X  lO”  Co*  cm  ' 
Following  implantation,  the  implanted  region  was 
cleaved  into  a  number  of  smaller  specimens  which  were 
then  annealed  at  either  600  °C  for  one  hour  oi  600 '’C 
for  one  hour  and  1000  °C  for  30  mm.  m  a  conventional 
furnace  with  a  flowing  nitrogen  ambient 

Rutherford  backscattermg  (RBS)  with  1.5  MeV  He  * 
ions  was  used  to  analyse  the  cobalt  depth  distribution 
and  to  calculate  the  ct'h  ii  silicon  ratio  within  the 
implanted  region  Ion  channelling  allowed  the  crystal-- 
line  quality  of  the  structure  to  be  assessed  "iH  iKo 
enabled  the  degree  of  coherency  between  the  synthe¬ 
sised  CoSi ,  laver  and  the  silicon  overlayer  and  sub¬ 
strate  to  be  established  To  determine  the  resistivity  of 
the  synthesised  layei,.  sheet  resistance  measurements 
were  made  using  a  four-point  probe 
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3.  Results  and  discussion 

J  I  As-impkmted 

Fig.  la  snows  the  random  and  channelled  RBS  spec¬ 
tra  for  a  sample  implanted  with  a  dose  of  2  X  10‘^  Co^ 
cm  prior  to  annealing  The  spectra  in  fig.  la  can  be 
divided  into  four  main  regions,  labelled  (I),  (11).  (Ill) 
and  (IV).  In  the  random  spectrum,  region  (I)  corre¬ 
sponds  to  the  depth  distribution  of  the  implanted  cobalt 
atoms,  which  in  this  case  resembles  a  Gaussian,  with  the 
peak  of  the  implant  lying  ~  1200  A  beneath  the  silicon 
surface.  In  order  to  quantify  the  degree  of  crystallinity 
within  the  sihcide  layer.,  we  use  the  term  x,,ve-  This  is 
defined  as  the  ratio  of  the  channelled  to  random  yields 
in  region  (I)  (channels  300-380)  The  presence  of  the 
implanted  cobalt  atoms  is  also  manifested  by  a  dip  in 
the  silicon  yield,  region  (IP.)  (channels  232-258).  which 
corresponds  to  a  reduced  concentration  of  silicon  atoms 
within  the  synthesised  layer  The  position  of  this  dip  in 


I  ■  Ml '  ill 

I 


151)  250  45, 


Chnnno' 

Fig  1  Random  (light  .shading)  and  channelled  (dark  shading)  RB 
cm  ‘.(hldxlO'^Co'  cm  (c)  3  x  10‘^  Co  cm 


fig.  la  indicates  that  the  synthesised  layer  is  buried 
beneath  a  thin  silicon  overlayer  (region  (II)).  The  value 
of  .V  in  CoSi,..  calculated  for  fig.  la,  is  3.63,  which 
indicates  that  eithei  a  noncontinuous  layer  has  been 
formed,  or  that  the  sihcide  layer  is  silicon-rich.  Previous 
studies  [4,7-11,15]  have  shown  that  the  former  is  in  fact 
the  case,  with  the  synthesised  “layer"  consisting  of  a 
mixture  of  A-(aligned  with  the  matrix)  and  B-(rotated 
180°  in  a  (111)  plane  with  respect  to  the  silicon 
matrix)  type  precipitates  interwoven  by  single  crystal 
silicon.  This  type  of  noncontinuous  structure  makes 
channelling  difficult  and  hence  leads  to  a  high  value  for 

X..VC  (86%). 

From  the  channelled  spectrum  in  fig  la.  it  can  be 
seen  that  at  the  back  interface  of  the  synthesised  layer 
(region  (IV))  the  dechannelled  yield  rises.  This  appears 
in  all  of  the  spectra  in  figs,  la-d  and  can  be  attnbuted 
to  the  presence  of  defects,  created  by  the  condensation 
of  silicon  self-interstititls.  which  lie  along  silicon  {311^ 
lattice  planes  [4,7-11.15] 


iOl)  -1 


50  150  rv  350  450 

Thanrip'  Nurrlw'r 


.spectra  for  sp'-cimeio  implanted  with  doses  of  (a)  2x  to''  C,o 
“  and  (d)  6x  lo'^  (  o  '  cm  after  implantation 
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Figs  Ib-d,  respectively,  show  the  random  and  chan¬ 
nelled  RBS  spectra  for  specimens  implanted  with  cobalt 
doses  of  4  X  10’^  Co'*'  cm“^,  5  X  lO'^  Co'*^  cm“^  and 
6  X  10’^  Co"*  cm  prior  to  annealing.  For  the  samples 
implanted  with  doses  of  4  X  10'^  Co^  cm-^  and  5  X 
lO'^cm^^,  a  continuous  epitaxial  layer  is  formed  dunng 
implantation,  in  which  the  value  of  x,  in  CoSi  is  close 
to  2.  For  the  dose  of  5  x  10'^  Co'*^  cm'  the  CoSi, 
layer  extends  right  up  to  the  silicon  surface  (i.e.  region 
(II)  is  no  longer  present)  and  there  is  a  slight  excess  of 
cobalt  at  the  peak  of  the  distribution,  which  is  probably 
in  the  form  of  small  CoSi  inclusions  [8,11,12,15].  It  is 
also  apparent,  from  the  channelled  spectra  in  figs  lb 
and  Ic,  that  once  the  disilicide  layer  becomes  continu¬ 
ous  It  exhibits  a  lower  dechannelled  yield  than  the 
specimen  in  fig.  la,  implanted  with  a  lower  dose. 

Fig  2  shows  how  Xavc  varies  with  dose,  from  which 
it  can  be  seen  that  as  the  dose  is  increased  from  2  X  10*^ 
to  5  X  lO'^  Co^  cm-^  there  is  an  improvement  in  the 


I  AS  IMPUNTED 


DOSE  Co 'em  ^xIO" 


Fig  2  Variation  in  Xdvc  with  dose,  after  implantation  and 
annealing  at  600°C  (1  h)  and  600“C  (1  h)+  1000°C  (30  min) 


Cfiannei  NuTiWr  Channel  Num&nr 

Fig  3  Random  (light  shading)  and  channelled  (dark  shading)  RBS  spectra  for  specimens  implanted  with  do,ses  of  (a)  2X  lO”  Co* 
cm  (b)4x  lO’’  Co*  cm  (c)  5xl0'^  Co"*^  cm'^  and  (d)  6X  lO”  Co*  cm  after  annealing  at  600 °C  for  1  h. 
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Fig  4  Random  (light  shading)  and  channelled  (dark  shading)  RBS  spectra  for  specimens  implanted  with  doses  of  (a)  2x10'^  Co^ 
cm  ^  (b)  4 X  lO'^  Co*  cm' (c)  5  X  lO”  Co*  cm  ’  and  (d)  6x  lo”  Co*  cm  after  annealing  at  600 °C  (1  h)  and  1000°C 

(30  min) 


crystalline  quality  of  the  synthesised  layer  and  a  corre¬ 
sponding  drop  in  x.^^c  Above  5  X  lO'^  Co*  cm  any 
further  increase  in  dose  results  in  an  increase  in  Xa%c 
The  reason  for  this  increase  can  be  found  by  examining 
the  channelled  spectrum  in  fig  Id  (for  a  dose  of  6  x  lO'^ 
Co*  cm'*)  which  shows  that  the  dechannelled  yield 
near  the  surface  is  high  This  is  because  silicon  is 
preferentially  sputtered  from  the  surface  of  the  synthe¬ 
sised  layer  by  the  impinging  ion  beam,  which  means 
that  the  resulting  layer  is  cobalt-nch.  XTEM  analysis  of 
this  "cobalt-nch  layer"  shows  that  it  consists  of  CoSi 
grains  which  overlie  a  layer  of  epitaxial  CoSi^  [19], 

J.2  Annealed  600° C  60  min 

Fig.  3  shows  the  random  and  channelled  RBS  spec-, 
tra  for  the  same  specimens  described  above,  but  after 


annealing  at  600  °C  for  one  hour.  For  the  lowest  do,se 
specimen  (2  X  lO'’  Co*  cm  ")  the  value  of  Xave  h^s 
decreased  to  68%  and  fig.  3a  (random  .spectrum)  shows 
that  the  cobalt  in  the  tails  of  the  distribution  has  begun 
to  redistribute  towards  the  peak  This  effect  is  even 
more  pronounced  for  a  dose  of  3  X  10'^  Co  *  cm'  *  (not 
.shown)  where  a  continuous  layer  of  stoichiometric  CoSii 
IS  formed  at  the  peak  of  the  distribution  This  redistri¬ 
bution  against  the  concentration  gradient  probably  oc¬ 
curs  in  an  analogous  manner  to  that  described  by 
Jaussaud  et  al.  [20]  for  high  do>e  oxygen  implantation 
For  the  samples  implanted  with  4X  10'^  Co*  cm"^ 
and  5  x  10'^  Co*  cm'  ^  (figs  3b  and  3c'.  respectively) 
the  cobalt  distribution  have  become  more  rectangular  in 
profile  and  the  values  of  Xave  f'S-  2  have  decrea,sed 
with  re,spect  to  their  “a.s-implanted”  values  This  occurs 
by  the  gettering  action  of  the  .synthesised  layer  and  the 
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DOSE  Co  cm  '  X  10  ' 

fig  5  Variation  in  resistivity  with  dose,  after  implantation  and 
annealing  at  600°C(1  h)and600°C  (l  h)+ I0(X)°C  (30  min) 


redistribution  of  any  “exces.s"  cobalt  relea.sed  by  the 
dissolution  of  the  CoSi  inclusions  For  the  highest  do¬ 
ses.  the  6(X)'’C  one  hour  anneal  creates  a  ma'^ked  im¬ 
provement  in  the  value  of  Xme  (f'8  2)  because  ine  CoSi 
grams  near  the  surface  start  to  undergo  a  phase  trans¬ 
formation  to  CoSii  at  this  temperature  (fig.  3d) 

JJ  Annealed  600° C  60  mm,  I000°C  60  min 

F'or  all  doses,  annealing  at  1000°C  has  a  major 
'■ffect  on  the  cobalt  distribution.  Figs  4a-d  indicate 
■lat  in  all  c\..ses  these  distributions  are  now  e.ssentially 
rectangular  in  profile.  A  temperature  of  1000  °C,  there¬ 
fore,.  appears  to  he  sufficient  to  anneal  out  most  of  the 
damage  in  the  tail  of  the  implant  profile  and  to  allow 
the  cobalt  to  redistribute  to  give  a  stoichiometric  CoSh 
layer  XTEM  studies  [7,8,11.12,15]  have  shown  that 
after  annealing  at  1000  °C  for  30  min.  the  CoSh  pre¬ 
cipitates  m  the  tails  of  the  distribution  have  completely 
dissolved  and,  for  the  higher  doses,  the  phase  transfor-- 
mation  from  CoSi  to  CoSi,  is  complete 

.1  4  Resisiiviiv 

Fig,  5  .shows  a  plot  of  the  variation  in  resistivity  with 
do.se  for  the  “a.s-implanted”  and  annealed  specimens.  A 
comparison  of  figs  2  and  5  indicates  that  the  re.sistivitv 
vanes  in  a  similar  way  to  Xa>c  1^)^  lower  doses 
(2  X  lO'^  and  3  X  lO'^  Co^  cm  after  implantation, 
the  discontinuous  nature  of  the  synthesi.sed  layer  con¬ 
tributes  to  the  relatively  high  resistivity  Once  the  CoSi  2 
layer  beconies  continuous  and  Co :  Si  ~  1  •  2,  i.e.  for 
do.ses  of  4  X  lO'’  and  5  X  lO’’  Co  *  cm'  the  re.sistivily 
drops.  For  the  higher  do.se  specimens  (6  X  lO'^  and 


7  X  10'^  Co*^  cm'’)  the  layer  of  CoSi  gr'uns  near  the 
surface  causes  the  resistivity  to  rise  again. 

Annealing  produces  a  dramatic  decrea.se  in  resistiv¬ 
ity.-  especially  for  the  low  (2  x  lO”  and  3  X  lO'^  Co^ 
cm'*)  and  high  (6  x  lO'^  and  7  x  10'^  Co^  cm'")  do.se 
specimens.  The  rea.sons  for  this  improvement  are  similar 
to  those  de.scnbed  previously  for  Xave  ond  it  is  worth 
noting  that  the  lowest  values  of  resistivity  (13.7  ±  0  5 
cm)  and  Xavc  obtained  when  Co :  Si  =  1 2.. 


4.  Conclusions 

It  has  been  shown  that  after  implantation  the  resis¬ 
tivity  and  crystallinity  of  layers  synthesised  by  high 
dose  cobalt  implantation  are  very  dependent  on  the 
implanted  dose  and  the  cobalt  to  silicon  ratio  within  the 
layer.  For  doses  of  4  X  lO'^  and  5  x  lO'^  Co^  cm'  a 
continuous  epitaxial  layer  of  aligned  CoSn  is  formed 
after  implantation,  with  any  excess  cobalt  being  accom¬ 
modated  in  CoSi  inclusions  at  the  peak  of  the  distribu¬ 
tion  For  lower  (2  X  lO”  and  3  X  lO'^  Co"^  cm' *)  and 
higher  (6xl0'^  and  7x10’’  Co*  cm'^)  do.ses  the 
resulting  layers  are  silicon-rich  and  cobalt-rich,  respec¬ 
tively  These  layers  di.splay  higher  Xavc  values  and  have 
correspondingly  higher  resistivity  values  After  anneal¬ 
ing  at  600  °C  for  1  h.  stoichiometric  CoSii  layers  result 
for  layers  fabricated  with  doses  of  3  x  lO'^,-  4x  lO'^ 
and  5  x  10”Co*  cm'  ".-whilst  after  annealing  at  600  °C 
(1  h)  and  1000  °C  (30  min)  stoichiometric  layers  of 
CoSi2  are  found  for  all  doses  In  addition  to  this,  for 
each  layer.-  the  crystallinity  improves  (le  Xjm 
proves)  and  the  resistivity  decieases  as  the  value  of  v  in 
CoSi ,  approaches  2  This  shows  tl  at  even  though  the 
“a-s-implanted"  specimens  display  marked  differences 
in  resistivity,-  crystallinity  and  stoichiometry,  after  ati- 
nealing  at  600°C  (1  h)  and  1000°C  (30  min),  the 
structural  and  electrical  properties  of  the  layers  are  very 
similar,-  with  only  a  slight  memory  effect  being  ap¬ 
parent. 
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Contouring  of  SIMOX  profiles  by  oxygen  ion  energy  change  * 

A.  Wittkower,  M.  Guerra,  B.  Cordts,  R.  Dolan  and  P.  Sandow 

//);«  Technology  Corporation,  .12A  Cherry  Hill  Drive,  Danvers,  MA  01923,  USA 


The  objective  of  this  work  was  to  determine  if,  by  changing  the  ion  energy  during  the  implant,  depth  distribution  profiles  could  be 
contoured  to  produce  improved  SIMOX  material  In  the  SIMOX  process,  oxygen  ions  are  implanted  into  bare  silicon  or  into  silicon 
through  a  silicon  dioxide  capping  layer  Dunng  the  course  of  the  implant,  the  incoming  fast  ions  .sputter  silicon  atoms  from  the 
surface  Through  this  mechanism,  by  the  end  of  the  implant,  the  apparent  depth  ot  penetration  with  respect  to  the  original  surface 
will  have  increased.  However,  a  competing  action  is  at  work  oxygen  ions  retained  by  the  formation  of  the  buried  oxide  layer  will 
cause  swelling.  Detailed  calculations  have  been  perfornicd,  which  show  that  the  sputtering  effect  is  approximately  compensated  by 
the  swelling,  Expenmentally,  by  increasing  the  oxvgen  beam  energy  during  the  implant,  improved  SIMOX  material  was  formed 
without  the  .silicon  islands  normally  observed 


1.  Introduction 

In  the  SIMOX  process,  oxygen  ions  are  implanted 
into  bare  silicon  or  into  silicon  through  a  SiOi  capping 
layer  In  the  first  approximation,  these  tons  come  to  rest 
below  the  surface  at  an  average  range  m  a  quasi- 
Oausstan  distribution  with  range  straggling  (standard 
deviation)  As  an  example  for  ions  in  Si  at  150 
keV,  /?p  =  3220  A  and  ARp  =  909  A  (see  fig.  1). 

Dunng  the  implantation,  the  incoming  fast  ions 
sputter  silicon  atoms  from  the  surface  This  is  always 
the  case  in  implantation,  but  since  SIMOX  requires 
doses  100  times  greater  than  for  doping  applications, 
the  sputtering  effect  is  now  significant,  typically  1500  A 
of  matenal  ts  removed  in  a  SIMOX  implant  Although 
the  range  defined  by  Ap  has  not.  of  course,  changed 
(unless  other  effects  are  at  work)  at  the  end  of  the 
implant,  the  implant  depth  with  rcipect  to  the  original 
surface  has  increased  by  1 300  A.  This  effect  would  also 
cause  a  broadening  in  the  effective  range  straggle.  Visu¬ 
alization  of  the  problem  is  somewhat  .simplified  by  the 
fact  that  the  range  of  oxygen  into  either  Si  or  SiOj  is 
similar,  implying  that  the  shape  of  the  instantaneous 
as-implanted  oxygen  profile  is  not  appreciably  skewed 
by  the  change  in  target  composition.  Presumably  then, 
by  reducing  the  beam  energy  as  the  implant  progres.se.s. 
one  can  superimpose  the  peaks  of  the  distributions, 
thereby  narrowing  the  final  distribution,  this  would 
improve  the  quality  of  the  SIMOX  material,  since: 

(i)  the  total  applied  dose  necessary  to  form  a  continu¬ 
ous  buried  layer  can  be  expected  to  be  reduced: 

*  Work  performed  under  an  SBIR  contract  issued  by  the 
Defense  Nuclear  Agency,  Dr  Lewis  Cohn,  Technical  Moni¬ 
tor 


thus  there  will  be  fewer  faults  in  the  surface  silicon 
layer, 

(it)  the  implant  time  will  be  reduced. 

(Ill)  defects  at  both  Si/SiOi  interfaces  may  be  reduced 
since  the  incoming  oxygen  ion  profile  is  more  pre¬ 
cisely  located  and  the  distribution  tails  are  less 
diffuse. 

An  increase  in  the  effective  range  is  indeed  the  case 
for  implantation  of  ion  species  which  diffuse  out  of  the 
matenal  (eg.  or  Ar^  )  But  with  O  implantation, 
the  incoming  ions  are  retained  through  the  reaction. 

St  +  20  =  SiO,.. 

and  the  formation  of  this  buried  oxide  layer  causes 
swelling.  Thus,  there  are  competing  actions.  If  the  swell- 


Dcptli  m  Angstroms 

Ftg  1  A  typical  dose  versus  depth  implantation  profile. 
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ing  IS  less  than  the  sputtering,  the  energy  reduction 
scheme  descnbed  above  should  operate;  but  if  the  swell¬ 
ing  is  greater  than  the  sputtering,  an  increase  in  implant 
energy  during  the  implant  would  improve  the  profile 
overlap. 


2.  Sputtering  rates 

There  are  not  many  sources  of  data  for  sputtering 
coefficients  of  the  oxygen/ silicon  .system  in  the  150-200 
keV  range.  A  few  values  have  been  published  by  authors 
specifically  interested  in  SIMOX,  and  one  general  re¬ 
view  paper  has  been  produced.  To  some  degree  these 
data  are  inconsistent,  sometimes  grossly  so. 

The  available  data  are  summarized  in  fig.  2  for 
oxygen  bombarding  both  silicon  and  silicon  dioxide. 
The  curve  of  Matsunami  et  al.  [1]  is  calculated  from 
theory  with  specific  material  properties  and  data  taken 
at  lower  energies  taken  into  account.  This  is  the  data 
used  in  the  Profile  Code  calculation  of  this  work.  Ad¬ 
ditional  expenmental  sputtering  data  have  been  ob¬ 
tained  by  Hemment  et  al.  [2]  and  Bussmann  [3). 

The  two  earlier  measurements  of  oxygen  into  silicon 
sputtering  by  Hayashi  et  al.  [4]  and  Maydell-Ondru,sz 
and  Wilson  [5]  appear  to  be  rather  far  from  the 
Matsunami  predictions.  The  Maydell-Ondrusz  paper 
describes  an  indirect  measurement  technique  which  ex¬ 
amines  the  change  in  step  height  between  an  implanted 
zone  and  a  neighboring  unimplanted  region.  This 
method,  as  pointed  out  by  the  authors,  is  sensitive  to 
assumptions  about  the  material  swelling  taking  place 


during  implantation,  and  this  makes  it  difficult  to  inter¬ 
pret  the  data. 

The  two  data  points  for  oxygen  implantation  into 
SiOj  are  based  on  more  reliable  techniques.  Since  the 
SiOj  layer  will  not  change  thickness  during  implanta¬ 
tion,  a  simple  step  height  or  optical  measurement  is 
sufficient  for  good  accuracy.  Both  the  results  of  Doug- 
las-Hamilton  et  al.  [6]  and  Bunker  [unpublished]  are 
based  on  tabulating  the  total  dose  seen  to  just  remove 
the  SiOj  capping  layer  during  actual  SIMOX  implanta¬ 
tions. 


3.  Swelling 

An  indication  of  the  amount  of  swelling  can  be 
extracted  from  handbook  data  of  the  relative  density  of 
Si  and  SiOj.  The  data  suggests  that  1000  A  of  Si  will 
swell  to  2170  A  of  S1O2  during  the  SIMOX  process, 
using  a  dose  of  1  X  lO'**  oxygen  ions. 

The  code  was  used  to  estimate  the  balance  between 
sputtering  and  swelling  by  calculating,  at  different  en¬ 
ergies,  the  minimum  dose  needed  to  reach  stoichiome¬ 
try.  When  a  senes  of  energies  were  entered  which  caused 
the  profiles  to  overlap  best,  the  total  dose  to  stoichiome¬ 
try  was  less  than  the  total  dose  needed  for  poorly 
overlapping  profiles.  The  effect  could  most  easily  be 
checked  by  using  only  two  energies:  a  fixed  dose  of 
0.8  X  lO'Vcm^  at  200  keV  was  entered,  and  the  code 
used  to  calculate  the  extra  dose  which  was  needed  to 
reach  stoichiometry  at  the  second  energy.  In  this  way.  it 


Oxygen  Ion  Energy  (keV) 

Fig  2  Sputtering  of  O''  on  .Si  and  SiOj  The  continuous  curves  are  theoretical  [1]  The  experimental  data  points  are,  for  on  Si. 
from  (A)  ref  [2],  (B)  ref.  [3],  and  for  O''  on  S1O2,  from  (C)  ref  [4),  (D)  Bunker  [unpublished] 
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Second  Energy  (keV) 

l  ig  3  The  total  calculated  d('se  required  to  reach  ctoichionietry  using  two  beam  energies  The  first  implant  was  alwavs 

08x10"' W  at  20()keV 


was  possible  to  determine  whether  a  higher  energy  Fig.  3  shows  the  results  for  both  capped  and  un- 

(e.xcess  swelling)  or  a  lower  energy  (excess  sputtering)  capped  wafers  It  can  be  seen  from  the  vertical  scale 

was  more  appropriate  that  the  effect  of  changing  energy  is  not  very  sensitive. 


Depth  in  Angstroms 

I  ig  4  Calculated  composite  dose  versus  depth  profiles  for  two  cases.  150  keV  to  200  keV  in  ten  steps  (low-  high),  and  200  keV  to 

1 50  keV  in  ten  steps  (high-low) 
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Surface  Silicon 


Burled  Oxida 


.Silicon  Substrata 


Fig  5  TFM  photomicrograph  of  SIMOX,  total  dose  1  SxlO'Vcm^  using  five  stepwise  increases  in  energy  from  150  keV  to  200  keV 

(low-high),  annealed  at  1325“C  for  6  h. 


amounting  at  best  to  only  a  few  percent  over  a  wide 
range  of  computer  calculations.  For  uncapped  wafers,  it 
IS  slightly  better  to  increase  the  energy,  whereas  for 
capped  wafers,  a  decrease  in  energy  is  preferred. 


For  a  pure  silicon  target,  the  swelling  is  slightly 
larger  than  the  sputtering,  but  for  a  capped  wafer,  it  is 
slightly  smaller.  This  is  a  strong  indication  that  adjust¬ 
ment  of  energy  will  have  little  effect. 


Surface  Silicon 


Buried  Oxide 


Silicon  Islands 


Silicon  Substrate 


Fig,  6  TEM  photomicrograph  of  SIMOX.  dose  1.8x  lO’Vcnr'.  energy  200  keV.  annealed  at  1325°C  for  6  h 
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4.  Simulation  profiles  of  high  to  low  and  low  to  high 
energy 

Even  with  the  minimal  impact  on  dose  reduction 
predicted  by  these  simulations,  it  was  decided  that 
further  simulations  and  actual  experiment,  over  the 
energy  range  of  150  to  200  keV,  might  prove  interesting 
and  potentially  have  an  impact  on  buried  oxide  quality. 
The  ten-energy  simulation  plot  in  fig.  4  shows  the 
composite  profile  for  the  case  of  high  energy  Erst, 
followed  by  a  decrease  in  energy  from  200  to  150  keV 
(high-low). 

Fig.  4  also  shows  the  equivalent  composite  profile 
for  the  low  energy  first  followed  by  an  increase  in 
energy  from  150  to  200  keV  (low-high).  A  significant 
difference  is  observed  in  these  two  composite  plots  in 
that  the  low-high  is  much  sharper  and  more  “box-like” 
with  less  broadening  than  the  high-low  case.  It  can  be 
seen  that  more  oxygen  atoms  pile  up  at  the  back  inter¬ 
face  where  oxygen  depletio”.  is  likely  to  occur  during 
annealing. 


5.  FAperimental  results 

Wafers  were  implanted  to  a  dose  of  1.8  x  10'*  with 
five  stepwise  increases  in  energy  from  150  to  200  keV 
during  the  implant  (low-high).  The  wafers  were  then 
annealed  at  1325°C  for  6  h  and  TEM  photomicro¬ 
graphs  made  for  the  resultant  material  (fig.  5).  These 
TEMs  suggest  that  a  buried  oxide  of  better  quality  was 
formed  than  at  a  single  fixed  energy  (fig.  6)  where 
silicon  islands  can  be  seen  clearly  near  the  lower  surface 
of  the  buried  oxide.  It  is  believed  that  the  simulation 
data  (low- high)  of  fig  4  may  help  to  explain  these  data. 
The  greater  concentration  of  oxygen  that  results  deep 


within  the  silicon  helps  to  restore  the  oxygen  that  de¬ 
pletes  toward  the  surface  durirg  annealing,  hence  allow¬ 
ing  a  more  continuous  stoichiometric  film  to  be  fonned. 
This  is  confirmed  by  the  experimental  results  obtained 
in  fig.  5. 

6.  Conclusions 

An  increase  in  energy  during  oxygen  implantation 
may  provide  an  improved  technique  for  producing 
SIMOX  layers  in  silicon.  Simulation  results  confirm 
actual  TEM  findings  that  buried  oxides  of  improved 
quality  are  obtained. 
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SIMOX  wafers  with  low  dislocation  density  produced 
by  a  100-mA-class  high-current  oxygen  implanter 

S.  Nakashima  and  K.  Izumi 

NTT  LSI  Laboratories,  3-L  Morinosato  Wakamiya,  Atsugi  243-01,  Japan 


The  dislocation  density  and  the  structure  of  SIMOX  wafers  formed  under  dtfferent  implantation  conditions  have  been 
investigated  using  Secco  etching  and  cross-seclional  transmission  electron  microscop>  (XTEM).  The  relationship  between  the 
breakdown  voltage  of  the  buned  oxide  layer  and  the  oxygen  dose  has  also  been  studied.  The  dislocation  density  decreases  as  the  dose 
decrea.ses  and  the  wafer  temperature,  during  implantation,  increases  The  SIMOX  wafer  implanted  at  180  keV  with  a  low  dose  of 
0  4x  lO’*  cm  *  at  550 °C  and  subsequently  annealed  at  temperatures  higher  than  ISOO^C  has  an  extremely  low  dislocation  density 
on  the  order  of  10'  cm"^.  The  buned  oxide  layer  of  this  SIMOX  wafer  has  a  breakdown  voltage  of  40  V. 


t.;  Introduction 

Ever  since  the  development  of  the  100-mA-class 
high-current  oxygen  implanter.-  NV-200  [1].  SIMOX 
technology  [2]  has  been  actively  studied  at  many  re¬ 
search  institutes  [3-5].  SIMOX  has  come  to  be  regarded 
as  one  of  the  most  promising  SOI  technologies  for 
future  VLSIs  and  ULSIs  as  well  as  for  the  fabncation 
of  radiation-hardened  devices. 

In  this  technology  a  great  number  of  oxygen  tons 
penetrate  the  superficial  silicon  layer,  which  is  used  as 
the  active  layer  of  a  senracondutor  device  The  crystallin¬ 
ity.-  or  more  precisely,  the  dislocation  density  of  the 
superficial  silicon  layer  strongly  depends  on  the  implan¬ 
tation  conditions  such  as  the  dose,  the  wafer  tempera¬ 
ture  dunng  implantation,  and  so  on.  A  SIMOX  wafer 
generally  has  a  dislocation  density  of  10*-  lO’  cm"’ 
[6]  By  using  a  multiple  implantation  and  annealing 
technique,  the  dislocation  density  can  be  reduced  to 
10‘'-10”’  cm  ■’  [7)  This  technique  is.  however,  trouble¬ 
some  and  far  from  practical  In  addition,  a  number  of 
dust  particles  generated  by  the  processes  in  the  tech¬ 
nique  results  in  contamination  of  the  SIMOX  wafers. 
Therefore,  it  is  important  to  develop  a  practical  way  of 
reducing  the  dislocation  density,,  which  affects  the 
long-term  reliability  of  LSIs. 

One  optimized  method  of  producing  SIMOX  wafers 
with  an  extremely  low  dislocation  density  and  with  an 
abrupt  interface  between  the  superficial  silicon  layer 
and  the  buried  oxide  layer  is  proposed  in  this  study. 

2.  Experiment 

Oxygen-ion  implantation  was  performed  using  a 
NV-200  [1].  Oxygen  ions  ('*’0^)  were  imolanted  into 


100  mm  (100)  silicon  wafers  at  an  acceleration  energy  of 
180  keV  with  doses  from  0.1-24x10'*  cm"^.  The 
wafer  temperature  during  oxygen  implantation  was  con¬ 
trolled  at  between  400  and  720  °C.  The  fundamental 
technique  applied  to  measure  the  wafer  temperature 
during  implantation  has  been  described  elsewhere  [8]. 

The  implanted  wafers  were  annealed  at  IISO'C  for 

2  h  in  an  N,  ambient  and  at  either  1300°C  or  1350°C 
for  4  h  in  an  Ar-O,  gas  mixture  500  nm  thick  epitaxial 
silicon  layers  were  grown  on  some  of  the  annealed 
wafers  for  Secco  etching,  which  was  employed  to  esti¬ 
mate  the  dislocation  density  in  the  superficial  silicon 
layers.  Etch  pits  produced  by  Secco  etching,  which  were 
directly  related  to  the  dislocations,  were  observed  using 
a  microscope  and  by  scanning  electron  microscopy 
(SEM).  The  structure  of  the  SIMOX  wafers  was  anal)  zed 
by  XTEM.  The  breakdown  voltage  of  the  buried  oxide 
layers  was  al.so  measured  to  estimate  the  electrical  char-' 
acteristics  of  the  layers. 

3.  Results 

3  /.  Oxygen  dose  effect 

Fig.  1  shows  XTEM  photomicrographs  of  as-im- 
planted  and  annealed  wafers  implanted  with  different 
oxygen  doses.  The  wafer  temperature  was  kept  at  550  °  C 
during  implantation.  High-temperature  annealing  was 
performed  at  1350  °C  for  4  h  in  an  Ar-02  gas  mixture. 
For  the  as-implanted  wafers  a  buried  oxide  layer  begins 
to  form  with  a  dose  of  1.3  X  lO'*  cm"'^.  The  high-tem- 
perature  anneal  change.'  the  oxygen  distribution  of  the 
as-implanted  wafers.  Redistribution  can  be  clearly  ob¬ 
served  in  the  relatively  low  do.se  region  of  0.2-1. 3  X  lO'* 
cm“^,  by  comparing  photomicrographs  of  both  the 
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0.1  um 


Fig  I  XTEM  photomicrographs  of  as-implanted  and  annealed  wafers  implanted  with  different  ox>gen  doses  at  an  acceleration 
energy  of  180  keV  at  550 °C  Post-implantation  annealing  was  performed  at  IBSO^C  for  4  h  in  an  Ar-0;  mixture 


as-implanted  and  the  annealed  wafers  Even  after  high- 
temperature  annealing,  no  continuous  buried  oxide  layer 
IS  formed  m  the  wafer  implanted  with  a  do.se  of  0.2  x 
lO"*  cm  *,  though  hexagonal  oxide  precipitates  are 
ob.served  A  uniform  continuous  buried  oxide  layer  of 
approximately  80  nm  is  formed  with  a  dose  of  0.4  X  lO'* 
cm  In  the  case  of  a  dose  of  0.7  x  lO"*  cm”'.,  the 
front  interface  between  the  superficial  silicon  layer  and 


the  buried  oxide  layer  is  uneven  and  silicon  precipitates 
are  observed  within  the  buried  oxide  layer  The.  front 
interface  is  even,  for  a  dose  of  L.^xlO'*'  cnr^.  al¬ 
though  silicon  precipitates  remain  in  the  buried  oxide 
layer.  As  the  do.se  increases,  the  number  of  silicon 
precipitates  is  reduced.  Almost  all  the  precipitates  dis¬ 
appear  with  a  do.se  of  20  X  10'“  cm  '^.  In  this  case,  a 
threading  dislocation  is  found  in  the  superficial  silicon 


Fig  2  High  resolution  XTEM  photomicrograph  of  a  SIMOX  wafer  implanted  at  180  keV  with  a  dose  of  0  4x  lo'*'  cm  ‘at  550  °C' 
The  anneal  was  performed  under  the  same  conditions  as  described  in  the  caption  of  fig.  1. 


S  Nakashtma,  K.  Izumi  '/  SIMOX  wafers  with  low  dislocation  density 


849 


layer.  All  the  defects  observed  in  the  annealed  wafers 
were  dislocations.  Sirrular  cross-sectional  structures  were 
obtained  for  wafers  annealed  at  1300'’C. 

Fig.  2  shows  a  high  resolution  XTEM  photomicro¬ 
graph  of  an  annealed  wafer  implanted  with  a  dose  of 
0  4  X  lO'*  cm'^.  The  high-temperature  anneal  was  per¬ 
formed  at  1350  “C  for  4  h  in  an  Ar-Oj  gas  mixture. 
The  front  interface  is  abrupt  with  an  undulation  of  less 
than  3  lattices. 

The  relationship  between  the  dislocation  density  and 
the  oxygen  dose  is  exhibited  in  fig.  3.  Oxygen  ions  were 
implanted  at  550  °C.  Subsequent  annealing  was  per¬ 
formed  at  1150‘’C  for  2  h  in  an  ambient  or  at 
DOO^C  for  4  h  in  an  Ar-Oj  gas  mixture.  The  disloca¬ 
tion  density  is  approximately  lO’  cm~^  with  a  dose  of 
2.0  X  lO'*  cm'^,  which  is  standard,  at  both  anneal 
temperatures.  As  the  dose  decreases,  the  density  drasti¬ 
cally  decreases.  For  the  wafers  annealed  at  1300®C,  the 
dislocation  density  falls  to  a  value  on  the  order  of  10^ 
cm“‘  for  doses  lower  than  1.2x10’*  cm'^.  For  the 
wafers  annealed  at  1150°C,  however,  such  a  drastic 
decrease  in  dislocation  density  is  not  observed  in  this 
dose  range  This  result  suggests  that  the  redistribution 
of  the  implanted  oxygen  atoms  during  the  high-temper- 
ature  anneal  should  play  an  important  role  in  reducing 
the  dislocation  density. 


Fig.  3.  Relationship  between  the  dislocation  density  of  the 
superficial  Si  layer  and  the  oxygen  dose  Oxygen  ions  were 
implanted  at  180  keV  and  550  "C.  SIMOX  wafers  were  an¬ 
nealed  at  ISOO^C  for  4  h  in  an  Ar-Oj  mixture  or  at  IISO'C 
for  2  h  in  an  Nj  ambient. 


Fig  4.  Relalionship  between  the  dislocation  density  and  the 
wafer  temperature  during  oxygen  implantation  Oxygen  ions 
were  implanted  al  180  keV  with  a  dose  of  12X10'*  cm"" 
SIMOX  wafers  were  annealed  at  1300°C  for  4  h  in  an  Ar-O, 
mixture 


3.2  Effects  of  wafer  temperature 

Fig.  4  shows  the  relationship  between  the  dislocation 
density  and  the  wafer  temperature  during  oxygen  im¬ 
plantation.  The  dose  was  fixed  at  1.2x10'*  cm“". 
Post-implant  annealing  was  performed  at  1300°C  for  4 
h  in  an  Ar-02  gas  mixture.  The  dislocation  density 
shows  strong  dependence  on  the  wafer  temperature.  For 
the  wafers  implanted  at  wafer  temperatures  lower  than 
500  °C,.  the  dislocation  density  is  approximately  lO’ 
cm"".  The  density  is  drastically  reduced  to  an  order  of 
lO"  cm“"  at  wafer  temperatures  higher  than  550°  C 
The  dislocation  density  dependence  on  wafer  tempera¬ 
ture  was  observed  only  in  a  region  of  doses  lower  than 
1.5  X  lO'*  cm“".  In  the  case  of  a  high  dose,  such  as 
2.0  X  lO'*  cm"",  the  dislocation  density  remains  on  the 
order  of  10®  cm"",,  independent  of  the  wafer  tempera¬ 
ture. 

Fig.  5  shows  XTEM  photomicrographs  of  as-im- 
planted  wafers  prepared  at  three  different  temperatures 
with  a  dose  of  1.2X10'*  cm*".  For  the  wafers  im¬ 
planted  at  400  and  480  °C,  a  number  of  defects  and 
stress  contrast  related  to  the  defects  are  observed  in  the 
superficial  silicon  layer.  At  550  °C,  numerous  cavities 
are  formed  in  the  superficial  silicon  layer  and  no  stress 
contrast  associated  with  defects  is  found  in  the  vicinity 
of  the  cavities.  These  cavities  exist  in  all  wafers  im¬ 
planted  at  temperatures  higher  than  550  °C  [9].  It  is 
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Fig  5  XThM  photomicrographs  of  as-implanted  wafers  prepared  with  a  dose  of  12xl0"'  O*  cm  ^  at  180  keV  The  wafer 

temperature  was  kept  at  400, 480  and  550  “C,  respectively 
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considered  that  the  generation  of  cavities  should  relax 
the  stress  induced  by  high-dose  oxygen  implantation. 
This  results  in  the  drastic’  reduction  in  the  dislocation 
density 


dose  !  X  !0'“  cm'^  ) 

Fig.  6.  Relationship  between  the  'ni...,|..down  voltage  of  the 
buried  oxide  layer  and  the  oxygen  dose  Oxygen  ions  were 
implanted  at  180  keV  and  550 °C'  Implanted  wafers  were 
annealed  at  1350  °C  for  4  h  in  an  Ar-Oj  mixture. 


3  3  Breakdown  railage  of  buned  oxide  layers 

The  relationship  between  the  breakdown  voltage  of 
the  buried  oxide  layer  and  the  oxygen  dose  is  shown  in 
fig  6.  Implantation  and  subsequent  annealing  were 
performed  under  the  same  conditions  as  described  in 
the  caption  of  fig.  1  The  area  of  the  buned  oxide  for 
each  device  is  100  um  X  100  pm.  For  wafers  implanted 
with  doses  lower  than  0.2  X  lO'*^  cm-^,.  the  breakdown 
vol-.age  is  0  V  because  no  buried  oxide  layer  is  formed, 
as  snown  in  fig.  1.  In  case  of  a  dose  of  0.4  X  10’*  cm~^.. 
the  buried  oxide  layer  has  a  breakdown  voltage  of 
approximately  40  V  This  breakdown  voltage  is  suffi¬ 
ciently  high  for  usual  LSI  applications.  This  dose  is 
one-fifth  the  standard  dose.  Accordingly,  the  oxygen- 
implantation  time  can  be  shortened  to  one-fifth  of  what 
is  usually  used.  In  other  words,  this  result  is  practically 
equivalent  to  implantation  by  an  lon-beam  current  five 
times  higher  than  that  of  NV-200,  i.e.,,  500  mA. 

The  breakdown  voltage  is  again  0  V  in  spite  of  the 
higher  dose  range  from  0.5-0.7  X  10'*  cm”'’.  In  this 
range,  the  front  interface  is  uneven  and  the  buried  oxide 
layer  has  a  lot  of  silicon  precipitates,  as  described 
previously.  These  reduce  the  effective  thickness  of  the 
oxide  layci,  wliich  causes  a  leakage  current  to  fiow 
through  the  layer.  With  doses  ranging  from  0.9-2.0  x 
10‘*  cm”^,  the  effective  buried  oxide  layer  is  thick 
enough  and  the  breakdown  voltage  increases  as  the  dose 
increases. 
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4.  Summary 

The  relationships  between  the  oxygen  implantation 
conditions  and  the  structure  of  SIMOX  wafers  in  ad¬ 
dition  to  the  dislocation  density  in  the  superficial  silicon 
layer  have  been  clarified  A  SIMOX  wafer  implanted 
with  a  dose  of  0.4  X  lO’*  0“^  cm"^,  which  is  one-fifth 
the  standard  dose,  has  an  extremely  low  dislocation 
density  on  the  order  of  10^  cm'^.  In  this  case,  the 
breakdown  voltage  of  the  buried  oxide  layer  is  ap¬ 
proximately  40  V,.  which  IS  sufficiently  high  for  usual 
LSI  applications.  This  has  enabled  a  five-fold  increase 
in  the  throughput  of  SIMOX-wafer  production. 

The  authors  would  like  to  thank  T.  Sakai  for  his 
guidance  and  encouragement. 
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The  formation  of  SIMOX  (separation  by  implanted  oxygen)  substrates  involves  the  implantation  of  very  high  doses  of  oxygen 
into  silicon.  A  model  has  been  developed  to  predict  the  evolution  of  the  oxygen  depth  profile  taking  into  account  sputtenng,  swelling 
and  oxygen  redistribution  during  implantation  as  well  as  chemical  segregation  during  high  temperature  annealing  The  resulting 
computer  code  IRIS  (implantation  of  reactive  ions  into  silicon)  enables  a  fast  calculation  of  oxygen  profiles  to  be  made  The 
simulation  lesults  discussed  m  this  paper  cover  the  energy  range  50-100  keV  and  doses  of  up  to  2.5x10"*  O*'  cm'  ’ 


1.  Introduction 

During  the  past  decade  SIMOX  (separation  by  im¬ 
planted  oxygen)  [1]  has  emerged  as  one  of  the  most 
promising  SOI  (stlicon-on-insulator)  technologies  (2). 
The  implantation  of  high  doses  of  oxygen  is  followed  by 
high  temperature  annealing  leading  to  the  formation  of 
a  buried  insulating  layer  beneath  a  silicon  top  layer. 
These  layer  thicknesses  can  be  varied  by  adjusting  the 
implantation  energy  and  dose,  thus  making  SIMOX  a 
techr’ology  of  great  versatility.  A  predictive  model  which 
ena  'les  a  calculation  of  the  final  oxygen  distribution  is 
desirable.  However,  standard  tables  and  computer  codes, 
which  deliver  satisfactory  profiles  for  low  doses,  are  not 
applicable  as  sputtering,  swelling  and  diffusion  during 
implantation  as  well  as  chemical  segregation  during 
annealing  all  lead  to  oxygen  redistribution. 

Different  approaches  to  develop  dedicated  models 
for  this  special  lon-target  combination  are  reported  in 
the  literature  Hayashi  et  al.  [3)  found  simple  formulas 
to  reproduce  measured  layer  thicknesses.  Maydell- 
Ondrusz  et  al.  [4]  calculated  as-implanted  profiles  in  a 
stepwise  procedure  by  taking  into  account  the  changes 
of  the  target  composition  after  successive  implantations 
of  small  incremental  doses.  Jager  et  al.  [5j  solved  the 
partial  differential  equations  describing  the  mass  trans¬ 
port  during  the  implantation  As  a  common  disad¬ 
vantage,  these  models  include  fitting  parameters  and, 
therefore,  they  cannot  be  applied  in  the  absence  of 
experimental  data. 

Recently,  the  computer  model  IRIS  (implantation  of 
reactive  ions  into  silicon)  [6]  has  been  developed,  which 
enables  a  fast  calculation  of  oxygen  distributions  after 
implantation.  During  high  temperature  annealing  the 
implanted  oxygen  segregates  to  form  a  buried  oxide 
layer.  Assuming  total  thermal  segregation  the  thick¬ 


nesses  of  the  silicon  top  layer  and  buried  oxide  can  be 
calculated  [7],  In  this  paper  the  evolution  of  the  oxygen 
profiles  and  resulting  layer  thicknesses  is  investigated  as 
a  function  of  implantation  energy  (50-300  keV)  and 
dose  (up  to  2,5  X  lO'**  O*  cm'"). 


2.  IRIS 

In  the  programme  IRIS,  the  target  is  divided  into 
100  channels,  each  representing  a  particular  depth  inter¬ 
val  of  the  original  silicon  wafer.  A  stepwise  procedure  is 
applied  to  .simulate  the  evolution  of  the  implantation 
profile.  After  each  deposition  of  a  small  incremental 
dose  (typically  1/1000  of  the  total  dose)  into  the  ap¬ 
propriate  channels,  the  composition  and  width  of  each 
channel  is  recalculated  taking  into  account  all  the  major 
high  dose  effects.  The  justification  for  the  assumptions 
made  in  the  design  of  this  model  have  been  extensively 
discussed  elsewhere  [6,7]  and  therefore  only  a  brief 
summary  will  be  given  here. 

Incremental  dose  profile:  The  implantation  profiles, 
which  are  generated  by  the  Monte  Carlo  simulation 
programme  TRIM  [8,9],  are  the  most  reliable  theoretical 
low  dose  profiles  known  so  far.  Advantage  is  taken  of 
the  high  similarity  of  the  profiles  of  O  in  Si  and  O  m 
Si02  (fig.  1).  Throughout  the  simulation  procedure  the 
incremental  dose  profile  is  always  represented  by  that 
of  O  in  Si. 

Swelling:  The  internal  oxidation  of  the  silicon  leads  to 
volume  expansion.  The  resulting  swelling  is  assumed  to 
be  linear  with  the  local  oxygen  concentration.  In  order 
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Fig  1.  TRIM  [10]  profiles  of  O  m  Si  and  O  in  S1O2  (target 
density  =  2  33  g  cm  ■  ’) 

to  calculate  its  absolute  value  a  SiOi  density  of  2.33  g 
cm  ”  ^  IS  used. 

Sputtering-  The  energy -dependent  sputter  yields  used  in 
the  present  calculations  (e.g.  0.32  atoms /ion  at  50  keV 
and  0  13  atoms/ ion  at  300  keV)  were  generated  by  the 
programme  TR1M89  [11].  It  has  been  shown,  that  for 
an  implantation  energy  of  200  keV  the  theoretical  yield 
matches  the  experimental  result  for  silicon  Care  has  to 
be  taken  if  an  oxide  surface  layer  exists.  In  this  case  a 
much  higher  sputtet  yield  can  lead  to  a  different  buried 
layer  formation  mechanism  (6,12). 

Diffusion-.  Diffusion  is  neglected  in  substoichiometnc 
regions.  However,  if  oxygen  is  deposited  into  an  already 
existing  stoichiometric  oxide,  the  excess  oxygen  is  im¬ 
mediately  redistnbuted  to  the  profile  flanks  and  the 
profile  becomes  flat  topped.  Foi  the  presented  calcula¬ 
tions  It  IS  assumed  that  this  oxygen  is  bound  at  the 
upper  interface,  whicl  thereby  moves  towards  the 
surface. 

Thermal  segregation:  High  temperature  annealing 
(>  1300°C)  leads  to  complete  segregation  of  the  im¬ 
planted  oxygen  towards  the  buried  oxide  layer  [13]  The 
.simulated  implantation  profile  is  transformed  into  a 
rectangular  profile  When,  for  doses  above  the  critical 
dose,  which  is  necessary  to  reach  stoichiometry  at  the 
profile  maximum,  the  as-implanted  oxygen  distribution 
already  includes  a  stoichiometric  layer,  the  oxygen  from 
each  profile  flank  is  redistnbuted  to  the  nearest  inter¬ 
face.  The  stoichiometric  layer  grows  towards  the  surface 
and  towards  the  bulk  silicon  until  all  the  implanted 
oxygen  has  been  inairporated.  For  implantation  do.ses 
less  than  the  critical  dose,  it  is  assumed  that  the  forma¬ 
tion  of  the  stoichiometric'  layer  starts  at  the  profile 
maximum.  However,  if  the  implantation  dose  is  too  low 


lateral  as  well  as  vertical  segregation  is  taking  place 
during  annealing  leading  to  a  non-continuous  oxide. 
For  example,  it  has  been  shown  that  for  an  implanta¬ 
tion  energy  of  200  keV  the  buried  oxide  layer  is  inter¬ 
rupted  for  doses  s  0.5  X  10'*  cm“^)  [14]  In  such  a 

case  the  simulation  programme  is  not  applicable. 

3.  Results  and  discussion 

For  an  implantation  energy  of  200  keV  the  evolution 
of  the  oxygen  implantation  profile  with  increasing  dose 
is  shown  in  fig.  2.  Swelling  dominates  over  sputtering, 
shifting  target  ma  erial  downwards  relative  to  the  cur¬ 
rent  surface.  While  the  incremental  do.se  profile  (peak 
position  at  440  nm)  is  not  allowed  to  change,  the 
maximum  of  the  implantation  profile  slowly  moves  to 
greatei  depths.  This  movement  leads  to  an  increase  of 
the  critical  dose  for  stoichiometry  at  the  profile  maxi¬ 
mum  to  1.35  X  10'*  O"  cm'*  (0.95  X  10'*  cm“2  if 
swelling  and  sputtering  are  ignored).  Above  this  critical 
dose  a  buried  oxide  layer  is  formed.  The  upward  move¬ 
ment  of  the  upper  interface  (the  upper  boundary  of  the 
stoichiometric'  layer)  is  mainly  due  to  the  redistribution 
of  excess  oxygen  deposited  inside  t^c  S1O2  layer.  This 
r  distribution  also  transforms  tne  giadient  of  the  im¬ 
plantation  profile  into  a  step.  On  the  other  side  of  the 
■Stoichiometric  layer  the  lower  interface  is  slowly  moving 
downwards  due  to  the  effect  of  swelling  minus  sputter¬ 
ing.  Eventually  the  lower  flank  moves  out  oi  the  range 
ot  the  implanted  oxygen  ions  and  its  shape  stays  con¬ 
stant. 

Fig.  3  summari?es  the  results  of  many  calculations 
performed  for  an  implantation  energy  of  200  keV  The 
peak  position  of  the  as-imp!a  ited  profile  is  shown  for 
subcritical  doses  and  interface  positions  are  shown  for 
higher  dose.s.  The  final  interface  positions,  as  reached 
after  thermal  >egrcgation.  are  compared  to  experimental 
data  points  taken  from  the  literature  (annealing  temper- 


depth  (nni) 

Fig.  2  IRIS  results  for  200  keV  O  into  Si 
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Fig.  3  Calculated  depths  [7]  of  the  maximum  O-concentration 
and  interface  positions  for  200  keV  O  into  St,  The 
symbols  repre.sent  experimental  data  points  for  annealing  tem¬ 
peratures  >  300°C,  taken  from  XTEM  micrographs  and  SIMS 
measurements  as  found  in  the  literature  (see  ref.  [7)  for  details). 

ature  >  1300°C,-  see  ref.  [7]  for  details).  Eiach  of  the 
later  curves  consists  of  two  approximately  hnear  parts. 
The  slight  change  in  the  slopes  reflects  the  onset  of  the 
redistnbution  of  excess  oxygen  inside  the  SiOj  layer 
during  the  implantation  process  itself.  This  redistribu¬ 
tion  also  leads  to  the  consumption  of  an  increasing  part 
of  the  substoichiometnc  SiO,  layer  above  the  buried 
SiOi  layer  during  the  implantation  leaving  less  oxygen 
in  the  top  layer  to  be  redistributed  during  the  annealing 


Fig  4.  As-implanted  (IRIS  results);  Depth  of  the  maximum 
O-concentration  and  interface  positions  for  different  energies 
m  keV. 


Fig  5  Annealed  (IRIS  results)'  Interface  positions  for  differ¬ 
ent  energies  in  keV 


Therefore,  the  gap  between  the  curves  representing  the 
as-implanted  and  the  annealed  state  is  closing.  Taking 
into  account  the  scatter  in  the  experimental  data,  there 
is  good  agreement  between  the  simulation  and  experi¬ 
ment. 

Simulations  have  been  performed  for  the  energy 
range  50-300  keV.  Fig.  4  shows  the  results  for  the 
as-implanted  slate  All  curves  follow  a  trend  similar  to 
the  discussed  200  keV  case.  With  increasing  implanta¬ 
tion  energy  the  critical  dose  increases  due  to  the  larger 
straggle  in  the  incremental  dose  distribution. 

Fig.  5  shows  the  interface  positions  after  high  tem¬ 
perature  annealing.  The  thickness  of  the  silicon  over- 
layer  shows  a  strong  dependence  on  both  the  implanta¬ 
tion  energy  and  the  dose.  In  contrast,  the  buried  oxide 
thickness  depends  on  the  implantation  dose  only.  This 
IS  due  to  the  fact,  that  after  annealing  all  the  implanted 
oxygen  is  found  within  the  buried  stoichiometric  layer. 
Only  a  small  proportion  of  oxygen  is  lost  during  the 
implantation  due  to  the  oxygen  atoms  which  are  de¬ 
posited  close  to  the  surface  and  subsequently  removed 
by  surface  erosion. 


4.  Summary 

A  predictive  model  of  the  evolution  of  high  dose 
oxygen  implantation  profiles  in  silicon  has  to  take  into 
account  swelling,  sputtering  and  diffusion  (rapid  redis¬ 
tribution  of  excess  oxygen  in  SiOj  to  the  profile  flanks 
leading  to  flat  topped  profiles).  The  new  computer  code 
IRIS  enables  this  evolution  to  be  simulated  and  the 
layer  thicknesses  of  the  silicon  top  layer  and  the  buried 
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oxide  layer,  as  found  after  high  temperature  annealing, 
to  be  calculated.  It  has  been  shown  that  for  an  implan¬ 
tation  energy  of  200  keV,.  the  model  reproduces  the 
experimental  results.  Predictions  have  been  made  for 
the  energy  range  50-300  keV. 
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Oxygen  implantation  through  patterned  masks:  a  method  for  forming 
insulated  silicon  device  islands  while  maintaining  a  planar  wafer  surface 
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SIMOX  (separation  b)  implanted  oxygen)  is  a  recognized  technology  to  produce  silicon  on  insulator  substrates  Laterally  isolated 
device  islands  are  formed  by  subsequent  mesa  etching  or  selective  local  oxidation  of  the  silicon  top  layer,  Alternatively,  isolation  can 
be  achieved  by  using  patterned  masking  layers  in  the  implantation  process,  leading  to  continuous  but  nonplanar  buried  oxide  layers 
In  order  to  ease  device  fabrication,  it  is  desirable  to  achieve  a  planar  wafer  surface.  Special  test  structures  have  been  implanted  with 
2(X)  keV  oxygen  to  doses  up  to  2  4x  10'*  cm"'.  The  formation  of  TDl  (total  dtelectric  isolation)  structures  has  been  analyzed  by 

Talystep  and  cross-sectional  TEM  The  successful  formation  of  isolated  islands  in  combination  with  a  planai  surface  is  demonstrated 
for  an  oxygen  implantation  through  an  oxide  mask  formed  in  a  LOCOS  process. 


1.  Introduction 

Devices  in  dielectrically  isolated  islands  have  many 
advantages  compared  to  those  tn  bulk  silicisn,  including 
higher  switching  speeds  and  improved  radiation  toler¬ 
ance  A  recognized  technique  to  prstduce  silicon  on 
insulator  substrates  is  SIMOX  (separation  by  implanted 
oxygen)  (review  in  ref.  [ID  The  implantation  of  a  high 
dose  of  oxygen  ions  (typically  1.8  X  lO"*  cm'"  at 
an  implantation  energy  of  200  keV  and  temperature  of 
500  °C)  IS  followed  by  a  high  temperature  annealing 
stage  (typically  ^  1300°  C),  where  the  implanted  oxygen 
segregates  tow-ards  a  buried  layer.  Thereby,-  a  buried 
insulator  is  farmed,  which  vertically  isolated  the  crystal¬ 
line  silicon  top  layer  against  the  substrate  (fig.  la). 
Subsequent  trench  isolation  by  plasma  etching  (fig  lb) 
or  selective  oxidation  of  the  silicon  overlayer  (fig.  Ic) 
are  conventional  techniques  to  form  laterally  isolated 
silicon  device  islands 

TDl  (Total  Dielectric'  Isolation)  has  been  introduced 
as  a  variation  of  SIMOX  technology  [2-4],  where  both 
vertical  and  lateral  isolation  is  achieved  in  a  single 
implantation  stage.  This  approach  uses  patterned  mask-, 
ing  layers  (fig.  Id).  In  the  window  region  (i.e.  in  the 
unmasked  area)  the  substrate  structure  corresponds  to 
that  of  the  standard  SIMOX  substrate.  However,  in  the 
mask  region  the  oxygen  tons  lose  part  of  their  energy 
while  penetrating  the  mask  and  therefore  the  buried 
oxide  layer  is  formed  closer  to  the  onginal  wafer  surface. 
A  nonplanar  but  continuous  biined  oxide  layer  can  be 

'  On  leave  from  Institute  of  Problems  of  Microelectronics 
Technology  and  Superpure  Matenals,  Academy  of  Science, 
142432  Chernogolovka.  Moscow  District,  USSR. 


formed  [3],  Processing  parameters,  which  determine  the 
final  structure,  include  ma.'k  material,  mask  thickness 
and  the  edge  topography  in  the  transition  region  (TR) 
between  mask  and  window 

For  further  device  processing,  it  is  desirable  to  main¬ 
tain  a  planar  wafer  surface.  This  cannot  be  achieved 


Fig  1  Schematic  showing  (a)  SIMOX  structure,  (b)  trench 
isolation,  (c)  LOCOS  isolation  and  (d)  TDl  structure. 
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Fig  2.  Schematic'  of  prepared  masks:  (a)  patterned  thermal 
oxide  and  (b)  LOCOS  oxide. 


with  conventional  methods  for  lateral  isolation  (trench 
etching  or  LOCOS).  In  this  paper  we  exploit  the  differ¬ 
ent  sputter  rates  for  oxygen  into  silicon  and  oxygen  into 
SiO;  to  planarize  the  surface  during  the  formation  of 
the  TDI  structure. 


2.  Experiment 

Penodic  test  structures  with  SiOj  masks  of  varying 
thickness  were  prepared  on  3  in.  device  grade  (100) 
silicon  wafers  The  patterns  were  formed  by  etching 
windows  into  a  thermally  grown  oxide  or  by  local 
oxidation  (LOCOS)  of  the  silicon  wafer  (fig.  2).  Molecu¬ 
lar  oxygen  ions  were  implanted  with  an  energy  of  200 
keV/atom  in  the  dose  range  0.4-2.4  X  lO'*  O"^  cm“^.- 
The  implantation  temperature  was  held  at  500  °C  by 
beam  heating.  Some  samples  were  capped  with  a  500 
nm  thermal  oxide  cap  and  subsequently  annealed  at 
ISOO^C  for  5  h  or  at  1350°C  for  4  h. 

The  formation  of  the  TDI  structure  has  been  studied 
by  Talystep  measurements  of  the  step  height  and  cross- 
sectional  TEM  investigations  of  the  rmcrostructure  of 
the  transition  between  the  mask  and  window  regions. 


3.  Results  and  discussion 

In  SIMOX  samples  the  movement  of  the  free  surface 
is  determined  by  the  amount  of  swelling  (i.e.  the  volume 
expansion  due  to  the  internal  oxidation  of  the  silicon) 
and  surface  erosion.  The  step  height  between  the  mask 
and  window  regions  is  given  by  the  resulting  relative 
movements  in  both  regions.  The  sputter  yield  is  ap¬ 
proximately  0.15  atoms/ion  for  silicon  and  1.1  atoms/ 
ion  for  SiO^  [4],  corresponding  to  erosion  rates  of  30 
and  165  nm  per  1x10**  cm“^,  respectively.  As¬ 

suming,  that  the  target  density  stays  cunslaiit  during 
oxidation,  a  layer  of  silicon  will  increase  its  thickness  by 
a  factor  of  2.15  upon  oxidation.  The  resulting  upwards 
movements  of  the  surface  with  respect  to  the  bulk 
silicon  is  123  nm  per  1  x  10’*  O'*’  cm”^  implanted 
oxygen. 


Periodic  thermal  oxide  masks  of  various  thicknesses, 
t,  (470,  800  and  1820  nm)  were  implanted  with  different 
doses  of  200  keV  oxygen  ions  (projected  range  410  nm, 
range  straggling  90  nm  [5]).  The  resulting  step  height 
between  the  silicon  surface  and  the  remaining  oxide  was 
measured  by  Talystep.  Their  dependence  upon  the  im¬ 
plantation  dose  is  shown  in  fig.  3,  curves  a,  b  and  c.  For 
the  thick  masks  of  1820  (curve  a)  and  800  nm  (curve  b), 
the  gradient  of  the  curves  is  found  to  be  230  nm  per 
1  X  lO'*  O'*  cm"'.  If  no  swelling  occurs  beneath  the 
oxide  mask,  a  value  of  258  nm  per  1  X  10'*  cm" ^ 
would  be  expected.  Thus  we  conclude  that  approxi¬ 
mately  90%  of  the  implanted  oxygen,  which  is  at  first 
deposited  into  the  thick  masking  layer,  is  subsequently 
lost  through  the  wafer  surface. 

For  an  initial  mask  thickness  of  470  nm  (fig.  3.  curve 
c),  most  of  the  implanted  oxygen  ions  are  deposited 
close  to  the  interface  between  masking  oxide  and  silicon 
wafer..  In  this  case  most  of  the  implanted  ions  oxidize 
the  silicon,  leading  to  substantial  swelling  beneath  the 
mask.  Therefore,  the  resulting  step  height  is  determined 
by  the  difference  in  the  surface  erosion  rates.  This  is 
reflected  by  the  gradient  of  the  corresponding  step 
height  curve  being  110  nm  per  1  X  lO'*  O’*^  cm'^  (135 
nm  per  1  x  lO'*  0'*^  cm""  expected  with  identical  swell¬ 
ing  in  both  regions). 

In  order  to  plananze  the  surface  (t.e.  to  reduce  the 
step  height  to  zero)  a  smaller  initial  step  is  required.  On 
the  other  hand  the  oxide  thickness,  i.  (see  the  schematic 
in  fig.  2)  cannot  simply  be  decreased,  because  this 
would  leave  an  unwanted  silicon  overlayer  below  the 
masking  material.  Masks  formed  by  a  LOCOS  oxida¬ 
tion  process  offer  the  alternative.  In  thi.s  case  only  about 
55%  of  the  total  oxide  thickness  is  located  above  the 
original  wafer  surface.  Thus  a  small  initial  step  height. 
1,  can  be  combined  with  an  adequately  thick  oxide 
layer.  The  step  height  decrease  with  increasing  dose,  as 
measured  for  a  LOCOS  mask  of  t  =  380  nm  initial  step 


0  05  10  1.5  20  25 

Dose  (10'®cm^) 


Fig  3.  Dose  dependence  of  residual  step  height  as  measured  by 
Talystep  for  (a)-(c)  patterned  thermal  oxide  masks  of  different 
thicknesses  and  (d)  a  LOCOS  oxide  mask. 
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height,  IS  shown  in  fig  3,  curve  d.  Planarization  is 
achieved  for  a  dose  of  about  1.8  x  lO”*  cm^  foi 
higher  doses  the  step  is  reversed. 

In  the  transition  region  (marked  “TR”  in  fig.  Id) 
between  mask  and  window,  the  structure  of  the  im¬ 
planted  wafer  is  laterally  nonhomogeneous.  During  high 
temperature  annealing,  lateral  as  well  as  vertical  segre¬ 
gation  will  play  an  important  role  in  thi.s  region.  There¬ 
fore,  the  buried  oxide  formation  mechanism  will  be 
ditlerent  from  that  in  planar  SIMOX  substrates. 

The  segregation  of  the  implanted  oxygen  during  high 
temperature  annealing  has  been  studied  by  cross-sec¬ 
tional  transmission  electron  microscopy.  Fig,  4  shows 
the  microstructure  of  the  transition  region  after  the 
implantation  of  1,8  x  10'*  cm”^  into  a  wafer  with  a 


LOCOS  oxide  mask  of  500  nm  total  thickness  (the 
wafer  is  already  covered  by  a  deposited  oxide,  which  is 
required  as  a  protective  cap  during  the  subsequent  high 
temperature  annealing  process),  A  highly  defective  but 
single  crystalline  silicon  island  is  formed,  Silicon  inclu¬ 
sions  are  found  within  the  buried  oxide.  The  agglomera¬ 
tion  of  such  inclusions  near  the  edge  of  the  masked 
region  extends  upwards  chain-like  to  the  tip  of  the 
silicon  island.  After  annealing  at  1300°C  (fig,  4b)  the 
window  region  consists  of  a  400  nm  thick  buned  oxide 
beneath  a  300  nm  silicon  overlayer  with  threading  dislo¬ 
cations  as  in  conventional  SIMOX  samples.  The  silicon 
included  in  the  oxide  is  now  found  in  discrete  precipi¬ 
tates,  After  the  1350°C  anneal  (fig,  4c)  most  of  the.se 
precipitates  have  dissolved  and  the  interfaces  between 
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silicon  and  oxide  have  sharpened  further.  Some  crystal¬ 
line  silicon  inclusions  remain  close  to  the  interface 
between  the  buried  oxide  and  the  substrate,  similar  to 
those  in  conventional  SIMOX  substrates.  A  few  inclu¬ 
sion'  are  also  found  near  the  tip  of  the  silicon  island, 
which  remains  as  a  single  crystal,  but  the  precipitates 
forming  the  chain-like  structure  have  disappeared. 


4.  Conclusions 

(i;  Oxygen  implantation  through  patterned  masking 
layers  has  been  successfully  applied  to  form  dielec¬ 
trically  isolated  silicon  device  islands. 

(ii)  Using  .  LOCOS  mask  in  the  implantation  process, 
a  planar  wafer  surface  can  be  maintained. 

(lii)  Foi  a  high  quality  synthesized  nonplanar  oxide 
without  detrimental  silicon  inclusions  at  the  mask 
edge  annealing  temperatures  above  1300°C  are 
required. 

(iv)  The  best  TDI  microstructure  observed  so  far  has 
been  achieved  by  implanting  1.8  X  IC'*  O'^  cm“^ 
through  a  LOCOS  oxide  mask  (500  nm  total  thick¬ 
ness)  with  subsequent  annealing  at  1350°C. 


Acknowledgements 

The  authors  gratefully  acknowledge  the  assistance  of 
F.,  Manning  (preparation  of  test  structures)  and  the 
staff  of  the  D.R.  Chick  Laboratory  (oxygen  implanta¬ 
tion).  The  work  of  one  of  the  authors  (U.B.)  is  sup¬ 
ported  in  part  by  the  Air  Force  Office  of  Scientific 
Research  (grant  AFO-88-0356) 


References 

[1]  A.H.  van  Ommen.  Niicl.  Instr.  and  Melh  B39  (1989)  194. 

[2]  J.R.  Davis,  A  K.  Robinson.  K.J  Reeson  and  P  L  F  Hem- 
menl,  Appl  Phys.  Lett  51  (1987)  1419 

[3]  P.L  F.  Hemment,  A  K  Robinson.  K.J  Reeson,  J.R  Davis. 
J.A  Kilner,  R  J  Chater  and  J  Stoemenos.  Mater.  Res  Soc 
Symp  Proc.  107  (1988)  87 

[4]  P.L.F  Hemment.  K  J  Reeson.  A  K.  Robinson,  J.A  Kilner.. 
R.J  Chater,  C.D.  Marsh,  K  N  Christensen  and  J  R  Davis. 
NiicI  Instr  and  Melh  837/38  (1989)  766. 

[5]  J  F  Ziegler.  J  P  Biersack  and  G  Cuomo,  TRIM89 


VII.  TRFINDS  &  APPLICATIONS 


860 


Nuclear  Instruments  and  Methods  in  Physics  Research  B55  (1991)  860-865 

North-Holland 


Nitrogen  implantation  for  local  oxidation  (NILO)  of  silicon 
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Complete  physical  and  electrical  characterisation  of  nitrogen  implantation  for  local  oxidation  (NILO)  of  silicon  technology  is 
detailed  Nitrogen  implantation  is  performed  at  20  keV  through  25  nm  of  thermal  oxide  with  doses  within  the  range  of 
5  X  10''’-1.5 X 10'^ cm~^  Physical  characterisation  of  the  sealed  nitride  films  is  performed  using  secondary  ion  mass  spectroscopy, 
transmission  electron  microscopy,  nuclear  reaction  analysis  and  X-ray  photoelectron  spectroscopy  Nitrogen  implantation  in  silicon 
can  provide  sealed  nitride  films  of  thicknesses  around  20-25  nm,  capable  of  masking  a  5^0  nm  field  oxidation  Physical 
characterisation  shows  that  implanted  nitride  films  are  composed  of  elemental  S1-S14  bonds,  silicon  oxynitride  and  diffused  oxygen 
The  mtrogen  concentration  in  such  films  is  lower  than  that  of  a  stoichiometric  nitride.  “Bird’s  beak”  lengths  as  short  as  0.08  pm  can 
be  obtained  For  a  950  °C  field  oxide  temperature,  dislocations  are  observed  at  the  edge  of  the  nitride  mask  At  a  higher  temperature 
(1050° C)  no  dislocations  are  observed;  on  the  other  hand,  stacking  faults  with  a  density  of  0  05  faults  per  pm  of  mask  length  are 
observed  at  the  edge  of  the  nitnde  mask.  Because  of  the  presence  of  the  stacking  faults,  high  leakage  currents  are  measured  on  n’"  p 
diodes 


U  Introduction 

Local  oxidation  of  silicon  (LOCOS)  [1]  is  the  dorm- 
nant  isolation  technology  for  large-scale  integrated  cir¬ 
cuits  This  technology  uses  a  deposited  film  of  silicon 
nitride  on  a  thin  layer  of  buffer  oxide  as  an  oxidation 
mask.  But  this  kind  of  selective  oxidation  is  limited,  in 
submicronic  circuits,  by  lateral  diffusion  of  oxidising 
species  under  ihe  nitride  mask.  This  transition  region 
from  thin  oxide  to  thick  oxide,  commonly  known  as  the 
“  bird’s  beak”,  is  enhanced  by  the  presence  of  the  buffer 
oxide.  A  solution  consists  in  forming  a  silicon  nitride  in 
intimate  contact  with  the  silicon  substrate.  Because  of 
the  absence  of  any  buffer  oxide,  this  technique,  called 
SILO  (sealed  interface  local  oxidation),  can  provide 
“bird's  beak”  lengths  close  to  zero.  Different  methods 
have  been  explored  to  form  films  of  silicon  nitnde 
directly  sealed  to  the  silicon  surface  and  able  to  mask 
field  oxidation.  .Among  them  we  can  find  low-pressure 
chemical  vapor  deposition  (LPCVD)  [2],  plasma-en¬ 
hanced  thermal  nitridation  [3]  and  nitrogen  implanta¬ 
tion  in  silicon  [4-7], 

We  propose  to  study  the  nitrogen  implantation  for 
local  oxidation  (NILO)  process  in  which  N^  implanta¬ 
tion  is  performed  at  high  dose  (in  the  range  of  lO'^ 
cm"^)  and  lew  energy  (in  the  range  of  20  keV)  which 
leads  to  direct  nitridation  of  silicon.  Oxidation  masking 
prop  erties  of  such  layers  have  already  been  explored  [7], 
Nitrogen  profiles,  chemical  composition  and  behaviour 
under  oxidation  are  studied  by  complete  physical  char¬ 
acterisation.  Nitnde  films  are  then  patterned  in  order  to 
perform  selective  oxida  ion;,  “bird’s  beak”  lengths  and 


oxidation-induced  defects  are  investigated  for  different 
process  parameters  (nitrogen  implantation  dose  and 
oxidation  temperature).  The  NILO  process  has  been 
implemented  in  a  MOS  technology.  Electrical  results 
are  then  discussed. 


2.  Experimental  procedure 

The  substrates  used  for  the  experiments  are  (100) 
p-type  wafers.  The  main  processing  steps  required  to 
obtain  the  NILO  structure  are  shown  in  fig.  1  Wafers 
are  oxidised  in  dry  oxygen  to  grow  an  initial  oxide  of  25 
nm.  Molecular  nitrogen  ions  are  then  implanted,  at  an 
energy  of  20  keV,  with  doses  between  5  X  lO'^  and 
1.5  X  10' ’  cm  '  in  order  to  form  a  thin  film  of  sealed 
nitride.  Nitrogen  implantations  are  performed  on  high- 
current  (Vecco  VHC  120)  or  medium-current  (Varian 
DF4)  implanters  After  annealing  for  30  min  at  950  °C 
in  Nj.  wafers  are  patterned  to  define  active  areas.  Initial 
oxide  and  implanted  nitnde  are  dry  etched  in  a 
CHF-i/CjFfi/Ar  mixture.  Oxygen  plasma,  followed  by 
diluted  HF  cleaning  is  then  performed  in  order  to 
eliminate  carbonate  or  fluorate  compounds,  due  to  the 
dry  etch,  at  the  silicon  surface.  A  550  nm  field  oxide  is 
obtained  by  steam  oxidation  at  950  or  1050  °C.  Initial 
oxide  and  implanted  nitnde  are  removed  with  the  same 
process  as  before  field  oxidation.  .A  45  nm  sacrificial 
oxide  precedes  the  gate  oxide  growth.  A  classical  NMOS 
process  is  then  performed. 
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3.  Physical  characterisation 

S.  1.  Implant  parameters 

3.1.1.  Secondary  ton  mass  spectroscopy  (SIMS) 

The  SIMS  profhes  are  shown  in  fig.  2.  Nitrogen 
implantation  is  pe.formed  at  3  doses:  5  x  10'*,  10'^  and 
1.2x10'^  cm"^.  All  the  samples  are  annealed  for  30 
min  at  950  °C.  We  can  observe  that,  except  for  the 
increase  of  the  maximum  nitrogen  concentration  with 
dose,  the  nitrogen  profiles  are  similar.  They  are  all 
composed  of  3  characteristic  regions:  region  1,  in  the 
oxide  film,  where  the  nitrogen  concentration  strongly 
increases  with  depth,  region  2,  where  the  nitrogen  con¬ 
centration  is  a  maximum  and  slightly  decreases  as  a 
function  of  depth,  and  region  3,  when  the  nitrogen 
concentration  rapidly  decreases  as  a  function  of  depth. 
The  region  2  width  does  not  significantly  increase  when 
the  implant  dose  is  increased  whereas  the  maximum 


1/  Initial  Oxide  :  25  nm 


Si02 


21 N2+  Implantation 
E  =  20  keV 

D=  5.1 01 6/1 .5  101 7  cm-2 
Annealing ;  950°C/30  ma/N2 


implanted  nitride 


\Si02 


Si 


3/  Oxide  +  nitride  dry  etch 


4/  Field  Oxidation  :  550  nm 
950°C  or  1050°C 
field 
oxide 


TIelT" 

oxide 


implanted  nitride 


Si02 


Si 


Fig.  1.  NILO  isolation  processing  sequence.  Processing  is  per¬ 
formed  at  20  keV  through  25  nm  SiOj.  D  =  5  X  lO'*.,  lO’’  and 
1.2xl0'’cm-l 


Fig.  2  SIMS  profiles  N2*  implantalion  is  performed  at  20  keV 
through  25  nm  of  SiO^  £>  =  5x10''’.  lO'^,  and  12x10'^ 


nitrogen  concentration  increases  in  this  region  with 
implant  dose.  This  means  that  the  increase  of  N2^  dose 
does  not  induce  a  significant  increase  in  the  implanted 
nitride  film  thickness  but  induces  a  change  in  the  chem¬ 
ical  composition  of  the  film.  Nevertheless  nitrogen  con¬ 
centration  never  reaches  the  stoichiometnc  nitride  value 
(C'n/s,,n4  “  ^  ^  cm  ^). 

From  oxygen  profiles  we  observe  a  weak  decrease  of 
the  initial  oxide  thickness:'  20-nm-thick  Si02  after  lO'^ 
cm"^  N2''  implantation  instead  of  25-nm-thick  initial 
oxide.  This  decrease  probably  results  from  a  sputter 
phenomenon  due  to  the  low-energy  N2''  beam.  Finally, 
we  can  see  that  the  oxygen  concentration  is  not  negligi¬ 
ble  in  the  nitride  film  and  slightly  decreases  as  a  func¬ 
tion  of  depth.  That  is  probably  due  to  a  recoil  effect  of 
oxygen  atoms  during  nitrogen  implantation. 

3.1.2.  Transmtssion  electron  microscopy  (TEM) 

TEM  cross  sections  of  20  keV  N2‘'  implantation  are 
shown  in  fig.  3.  Both  samples,  5  x  lO'*  and  lO'^cm"^, 
exhibit  two  dielectric  films  The  thickness  of  the  top  one 
decreases  while  that  of  the  bottom  one  increases  and  the 
total  thickness  remains  constant  when  the  dose  is  in¬ 
creased.  According  to  the  SIMS  profiles  the  top- 
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Fig  3  TEM  cross  sections  Nj^  implantation  is  performed  at 
20  keV  through  25  nm  SiO;.  (a)  D  =  5‘'10‘’  and  (b)  lO” 
cm*^ 


ftlm/bottom-film  interface  corresponds  to  a  limit  of  the 
nitrogen  concentration  in  the  initial  oxide  film,  an  im¬ 
portant  increase  of  the  nitrogen  concentration  in  the 
oxide  being  observed  between  5  X  lO'*  and  10’’cm“^ 
on  SIMS  profiles.  On  the  other  hand,  both  nitrogen 
profiles  in  silicon  are  very  similar  which  explains  the 
same  total  thicknesses  obtained  for  both  nitrogen  im¬ 
plantation  doses. 

3  1.3  Nuclear  reaction  analysis  (NRA) 

NRA  has  been  performed  after  30  min  annealing  in 
Nj  at  950  “  C  and  removal  (in  diluted  HF)  of  the  initial 
oxide.  The  nitrogen  dose  as  measured  by  NRA  is  shown 
in  fig.  4  as  a  function  of  implant  dose.  The  points  follow 
a  straight  line  with  a  0.7  slope.  This  means  that  30%  of 
the  implanted  dose  is  eliminated  after  oxide  removal. 
The  weak  percentage  of  nitrogen  in  the  oxide  film  is  due 
to  nitrogen  diffusion  during  annealing.  SIMS  profiles 
have  shown  that  nitrogen  concentration  in  the  nitride 
film  increases  with  the  increase  of  the  implant  dose. 
From  NRA  dose  measurements  and  TEM  thickness 
measurements  we  can  evaluate  the  mean  nitrogen  con¬ 
centration  value  in  the  mtride  film.  If  we  consider  an 
average  consumption  of  3  and  5  nm  duiiiig  a  20  kcV 
^2  implantation  of  respectively  5  X  10'*  and  lO'^cm'^, 
the  oxide  thicknesses  are  then  respectively  22  and  20 
nm.  TEM  micrographs  show  a  total  thickness  (nitride  -i- 


IMPLANTED  DOSE 
(1E16  cm-2) 

Fig.  4.  Nilrogen  dose  measured  by  nuclear  reaction  ai  alysis  as 
a  function  of  implanted  dose. 

oxide)  of  43  nm.  The  nitride  thicknesses  are  then  21  nm 
for  a  5  X  10‘*  cm“^  implant  dose  and  23  nm  for  a  lO'^ 
cm~^  implant  dose.  From  NRA  measurements  we  ob¬ 
tain  an  average  nitrogen  concentration  in  the  film: 
Cfi  =  1.6  X  10^^  cm~^  for  Z)  =  5  x  lO'*  cm"^  and  C^, 
“  3.2  x  10^^  cm"^  for  D  =  lO'^cm'*.  These  values  are 
in  good  agreement  with  those  obtained  by  SIMS  and 
are  below  those  of  a  stoichiometric  nitride. 

o  4.  X-ray  photoelectron  spectroscopy  (XPSj 

Nj*  ion  implantation  through  25  nm  St02  has  been 
performed  at  doses  of  lO'’  and  1,5  X  lO'^  cm"^.  Both 
wafers  have  been  annealed  for  30  min  under  N2  at 
950  °C.  XPS  analyses  are  performed  after  removal  of 
the  initial  oxide.  The  Si(2p)  photoelectron  line  of  a  lO'^ 
cm"^  implanted  wafer  is  shown  in  fig.  5.  We  can 
observe  that  the  Si(2p)  line  exhibits  two  components, 
Sil  and  Si2,  A  complete  study  of  depth  profiling  and 


BINDING  ENERGY  (eV) 

Fig.  5.  XPS  analysis:  Si(2p)  line,  D  =  lo'^cm*^. 
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Fig  6  Auger  profiles'  oxygen  (a)  and  nitrogen  (b)  concentra¬ 
tions  for  different  oxidation  times  lO-  30>  60  and  90 

min)  Field  oxide  temperature  =  1050  ®C. 

chemical  composition  of  these  wafers  has  already  been 
published  [8].  This  paper  points  out  the  complex  struc¬ 
ture  of  these  implanted  nitride  films:;  they  are  composed 
of  elemental  Si-Si4  (Sil  component),  silicon  oxynitnde 
(Si2  component)  and  diffused  oxygen  mixture.  Oxygen, 
presumably  due  to  recoil  implantation,  is  always  present 
in  the  nitride  layer  in  an  exponentially  decreasing 
amount  The  respective  concentrations  of  both  silicon 
components  are  nearly  constant  in  the  film. 

3.2  Behaviour  under  oxidation 

Oxidation  resistance  of  implanted  nitride  films  has 
already  been  studied  as  a  function  of  implant  parame¬ 
ters  (dose  and  energy)  [7].  It  has  been  established  that  a 
dose  of  5  X  10'*  cm“^  implanted  at  20  keV  through  25 
nm  of  Si02  is  sufficie  it  to  mask  a  field  oxidation  of  3  h 
at  950  °C. 

3.2. 1 .  Profiles 

Auger  profiles  are  shown  in  fig.  6.  The  initial  nitride 
films  are  obtained  by  20  keV  ton  implantation  into 


silicon  through  25  nm  of  St02  and  30  min  annealing  in 
pure  N2.  They  are  then  oxidised  under  steam  at  1050 °C, 
for  various  times  (0.  10,  30,  60  and  90  min).  We  can 
observe  a  decrease  of  the  width  of  the  nitrogen  profile 
and  an  increase  of  the  width  of  the  oxygen  profile  when 
the  oxidation  time  is  increased.  Each  nitrogen  profile 
exhibits  two  sharp  interfaces  and  a  constant  maximum 
concentration  .around  40%.  These  profiles  show  the 
oxidation  of  the  nitride  film  under  oxidising  ambient. 
We  can  note  that,  in  spite  of  the  complex  structure 
(presence  of  Si-Si  bonds)  of  the  implanted  nitride,  the 
oxidation  of  the  film  takes  place  at  the  oxide/nitnde 
interface  and  that  23  nm  of  the  nitride  are  not  com¬ 
pletely  consumed  after  90  min  of  steam  oxidation. 

3.2.2.  Bird’s  beak 

Implanted  wafers  are  then  patterned.  The  initial 
oxide  and  the  implanted  nitride  are  etched  selectively  to 
the  silicon  substrate.  Local  oxidation  is  performed  at 


Fig.  7.  NILO  process.  TEM  cross  sections.  Field  oxide  temper¬ 
ature:  950'’C  (a.  b),  1050°C  (c)  Nitrogen  implantation:  E  = 
20keV,  Z)  =  5xl0'*cm (a),  £>  =  lO'^'cm"^  (b, c) 
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950  or  1050  "C  in  order  to  grow  a  550  nm  field  oxide. 
Nitride  films  are  obtained  by  implantation  at  5  X  lO'* 
or  lO'^  cm“^.  TEM  cross-sections  are  shown  in  fig.  7. 
We  observe  first  that  the  “bird's  beak”  length  strongly 
decreases  with  the  increase  of  implant  dose  (from  0.28 
(im  at  5  X  lO'*  cm”^  to  0.08  (im  at  10*’cm“^).  On  the 
other  hand,  the  "bird’s  beak”  length  sli^tly  increases 
with  oxidation  temperature.  In  the  case  of  sealed  nitride 
technologies  such  as  NILO,  the  “bird’s  beak”  growth  is 
mainly  governed  by  nitride  induced  stress.  Oxygen  dif- 
fusivity  in  the  oxide  and  reaction  rate  are  strongly 
affected  by  stress  and  this  leads  to  an  important  de¬ 
crease  of  lateral  oxidation  rate.  The  increase  of  stress 
with  implant  dose  explains  the  decrease  of  the  “bird’s 
beak”  with  the  dose.  The  increase  of  the  “bird’s  beak” 
length  with  implant  dose  can  be  explained  by  the  fact 
that,  a:  temperatures  above  960  °C,  stress  in  Si02  is 
relaxed  by  viscous  flow  [11].  The  lower  stress  favours 
lateral  diffusion  of  oxygen  species  under  the  nitride 
mask  and  leads  to  a  longer  “bird’s  beak”.  This  be¬ 
haviour  IS  different  from  those  observed  with  the  con¬ 
ventional  LOCOS  where  the  “bird’s  beak”  length  de¬ 
creases  with  the  increase  of  oxidation  temperature.  De- 
roux-Daupliin  [9]  explained  that  point  by  the  great 
influence  of  the  linear  growth  of  the  well-known  linear- 
parabolic  model  of  Deal  and  Grove  on  the  “bird’s 
beak”  growth.  He  showed  that  most  of  the  “bird’s 
beak”  grows  during  the  linear  growth.  For  a  given  oxide 
thickness  the  linear  time/parabolic  time  ratio  decreases 
with  the  increase  of  the  oxidation  temperature,  which 
explains  the  decrease  of  the  “bird’s  beak”. 

3.2.3.  Oxtdation-induced  defects 

Oxidation-induced  defects  are  observed  by  optical 
microscopy  after  a  SECCO  etch.  Wafers  are  implanted 
at  a  dose  of  lO'^cm"^  and  oxidised  at  950  or  1050 °C. 
The  950  "C  oxidised  wafers  exhibit  dislocations  at  the 
edge  of  the  nitride  mask..  Their  density  is  about  30 
dislocations  per  (im  of  mask  length.  The  dislocation 
generation  is  due  to  the  strong  nitride-induced  stress 
during  oxidation.  Bogh  and  Gaind  [12]  showed  that, 
without  a  buffer  oxide  and  at  a  950  °C  oxidation  tem¬ 
perature,  dislocation  generation  cannot  be  avoided  with 
nitride  thicknesses  above  20  nm.  At  a  higher  oxidation 
temperature  (1050  °C)  no  dislocations  are  observed, 
meaning  that  the  stress  is  relaxed  by  the  viscous  flow  of 
SiOj.  On  the  other  hand,  stacking  faults  are  observed  at 
the  edge  of  the  nitride  mask.  Franz  et  al.  [13]  and 
Katcki  et  al.  [14]  assign  the  nucleation  of  such  stacking 
faults  to  impurities,  etching  residues  or  point  defects  at 
the  edge  of  the  nitride  mask.  In  our  case  we  can  assume 
that  oxygen  plasma  plus  HF  cleaning  is  not  sufficient  to 
remove  carbonate  or  fluorate  compounds  resulting  from 
the  dry  etch.  We  can  also  deduce  that  stress  and  point 
defects  due  to  Nj’’  implantation  favour  the  nucleation 
of  stacking  faults. 


4.  Electrical  results 

NMOS  devices  have  been  applied  on  NILO- 
processed  active  areas.  N2*'  implantation  is  performed 
at  20  keV  at  a  dose  of  lO'^cm"^.  A  550  nm  field  oxide 
is  obtained  by  steam  oxidation  at  a  1050  °C  tempera¬ 
ture. 

The  difference  between  the  mask  and  the  finished 
electncal  width  of  N  channel  narrow  transistors  is  0.15 
i:  0.02  (im,  which  confirms  the  value  of  0.08  (im  for  the 
“bird’s  beak”  measured  by  TEM.  Junction  leakages 
have  been  measured  on  n  "^/p  diodes.  The  perimeter  and 
surface  area  of  the  diodes  are  respectively  16  cm  and 
40000  |im^.  Leakage  currents  as  high  as  a  few  mA/cm 
have  been  measured  on  these  devices.  These  high  leakage 
currents  can  be  assigned  to  the  presence  of  stacking 
faults  at  the  edge  of  the  nitride  mask 

Field  doping  conditions  lead  to,  i^-.^er  than  20  V 
Kjoff  values  for  1.2  gm  finished  n-type  field  transistors 
(Fo„ff  IS  defined  as  the  gate  voltage  for  sustaining  a 
leakage  current  less  than  10  pA/gm  of  transistor  width). 
On  the  other  hand,  low  punch-through  voltages  are 
measured  because  of  high  n^/p  junction  leakage. 

Gate  oxide  breakdown  is  about  7  MV/cm  for  90% 
of  tested  capacitances.  This  value  is  lower  than  that 
obtained  with  a  conventional  LOCOS  (about  10 
MW/cm). 


5.  Conclusion 

Complete  physical  characterisation  has  been  per¬ 
formed  on  nitride  films  obtained  by  low-energy  (20 
keV),  high-dose  (5  X  10'*  cm"^/1.5  X  lO'^  cm“^) 
nitrogen  implantation  into  silicon.  From  SIMS  profiles, 
TEM  micrographs,  and  NRA  measurements  we  can 
assume  that  20  keV  implantation  in  silicon  can 
piovide  nitride  films  with  thicknesses  around  20  to  25 
nm.  Nitrogen  concentration  of  these  films  is  lower 
(3.2  X  10^^  cm'^  for  a  10'^  cm~^  implant  dose)  than 
the  nitrogen  concentration  of  a  stoichiometnc  nitride 
(Qi,N4  =  b  X  10^^  cm"-’).  XPS  analyses  demonstrate  the 
complex  structure  of  formed  silicon  nitnde  films.  Im¬ 
planted  nitride  is  composed  of  Si-Si  bonds,  silicon 
oxynitride  and  diffused  oxygen.  In  spite  of  the  presence 
of  Si-Si  bonds,  23  nm  of  silicon  nitride  (obtained  by  20 
keV/10*^  cm“^  Nj’  implantation  through  25  nm  of 
SiOj)  can  resist  steam  oxidation  at  1050 °C  for  90  min. 
“Bird’s  beak”  lengths  as  short  as  0.08  gm  can  be 
obtained.  Generation  of  dislocations  is  favoured  by  a 
950  °  C  field  oxide  temperature.  At  1050  *  C  no  disloca¬ 
tions  are  observed  but  stacking  faults  are  present  at  the 
edge  of  the  nitride  mask..  The  presence  of  these  stacking 
faults  leads  to  a  high  junction  leakage. 
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Channeling  contrast  analysis  of  local  damage  distributions 
induced  by  maskless  implantation 
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Channeling  contrast  analysis  using  a  400  keV  helium-ion  microprobe  was  useu  to  locally  investigate  lateral  damage  distributions 
induced  by  maskless  ion  implantation  Angular  spreads  and  incident  angles  of  the  micioprobe  were  found  to  be  an  order  of 
magnitude  smaller  than  the  cntical  angle  of  channeling  Channeling  contrast  images  of  a  damage  distribution  induced  by  focused 
gallium  implantation  at  100  keV  to  a  dose  of  3x  lO'*  Ga*/cm’  in  silicon  could  be  obtained  with  a  low  microprobe  dose  of  6x  lO'^’ 
He  Vcm' 


I.'  Introduction 

The  focused-ion-beam  (FIB)  technology  has  realized 
maskkss  microfabrication  such  as  lithography,  doping, 
etching  and  deposition  for  semiconductor  integrated 
circuits  [1],  However,,  FIB  processes  induce  damages 
localized  not  only  in  an  in-depth  direction  but  also  in 
lateral  directions,  because  of  the  nonuniform  beam  pro¬ 
files  and  instability  of  the  beam  current.  Therefore,  it  is 
necessary  to  analyze  local  damage  distributions  for  the 
maskless  proce.sses  using  FIB. 

Rutherford  backscattering  (RBS)  using  a  microprobe 
has  been  successfully  used  for  elemental  analysis  and 
three-dimensional  local  analysis  [2).  The  microprobe 
RBS  with  channeling  also  makes  it  possible  to  analyze 
local  crystallinity  [3].  Furthermore,  when  the  micro¬ 
probe  IS  aligned  to  a  crystalline  axis  of  the  sample, 
channeling  contrast  images  to  investigate  lateral  damage 
distributions  can  be  obtained  by  scanning  the  micro¬ 
probe  !3,4]. 

However,  angular  spreads  larger  than  the  critical 
angle  give  rise  to  dechanneling,  and  damages  induced 
by  microprobe  irradiation  itself  [4)  change  the  minimum 
scattering  yield  during  mea.surements.  Therefore,  angu¬ 
lar  spreads  and  a  high  dose,  b'’  focusing  and  scanning 
of  the  muiroprobe.  must  be  taken  into  account  for 
channeling  measurements. 

In  this  study,  angular  spreads  of  an  incident  beam 
were  calculated  to  investigate  the  influence  of  dechan¬ 
neling  due  to  focusing  and  scanning  of  the  beam.  Chan¬ 
neling  contrast  analysis  of  local  damage  distributions, 
induced  by  a  focused  100  keV  gallium-ion  implantation 
in  silicon,  was  perlormed  by  a  400  keV  helium-ion 
microprobe. 


2.  Experimental  setup 

A  Disktron  accelerator  was  used  to  generate  400  keV 
helium-ion  beams  for  the  microprobe  [6].  A  microbeam 
line  for  the  microprobe  channeling  consists  of  object 
slits  and  a  magnetic  quadrupole  doublet  |7),  The  object 
slits  are  driven  by  stepping  motors  and  can  be  auto¬ 
matically  positioned  with  a  precision  of  I  nm,  so  that 
an  arbitrary  spot  size  can  be  obtained.  Demagnification 
factors  of  the  quadrupole  doublet  are  3.5  and  13  8  for 
horizontal  and  vertical  planes,  respectively.  The  mini-, 
mum  spot  size  of  the  beam  line  was  0.9  X  0.7  pm^  [7], 

Samples  were  mounted  on  a  holder  attached  to  a 
five-axes  goniometer  consisting  of  three  translational 
and  two  rotational  axes.  The  translational  and  rota¬ 
tional  resolutions  were  1  gm  and  0.01°,  respectively 
The  microprobe  was  scanned  over  the  sample  by  two 
pairs  of  electrostatic  scanning  plates  inserted  between 
the  object  slits  and  the  quadrupole  lens.  A  maximum 
scanning  area  was  450  x  450  gm^  for  400  keV  helium 
ions. 

RBS  signals  were  detected  by  a  silicon  solid-state 
detector  (SSD)  with  an  energy  resolution  of  15  keV.  The 
scattering  angle  and  the  acceptance  of  the  SSD  were 
130°  and  28  msr.  respectively.  Detected  RBS  signals 
were  discriminated  by  a  single-channel  analyzer  (SC A). 
An  incident  angle  if  the  microprobe  was  aligned  to  a 
crystalline  axis  by  monitoring  a  rate  meter  combined  to 
the  SC  A.  The  channeling  contrast  image  was  obtained 
m  the  same  way  with  an  RBS-mapping  image  [2],  in 
which  the  RBS  signals  from  the  SCA  were  counted 
during  the  scanning  of  the  microprobe  The  iiiicroprobe 
dose  was  calculated  from  the  integrated  beam  current 
and  spot  size  measured  by  a  knife-edge  method  [8]. 
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3.  Results  and  discussion 

Fig.  1  shows  the  trajectories  of  400  keV  helium  ions 
for  horizontal  (x)  and  vertical  (y)  planes  in  the  micro¬ 
beam  line.  These  trajectories  were  numerically  calcu¬ 
lated  by  a  matrix  method  [9].  Two  sets  of  trajectories 
corresponding  to  straight  and  deflected  beams  are  indi¬ 
cated  in  fig.  1.  The  trajectories  of  the  deflected  beam 
assume  a  displacement  of  225  [im,  which  corresponds  to 
the  maximum  scanning  area.  Divergences  of  the  beam 
at  the  object  slits  were  measured  to  be  0.18  mrad 
(0.010°)  and  0.8  mrad  (0.046°)  for  horizontal  and 
vertical  planes,  respectively..  Since  incident  angles  of 
ions  are  proportional  to  the  demagnification  factor  of 
the  quadrupole  lens,  the  incident  angle  for  the  y-plane 
is  larger  than  that  of  the  j:-plane. 

The  cntical  angle  for  the  <100)  axis  of  silicon  was 
measured  to  be  1.2°  by  the  400  keV  helium-ion  beam 
(10].  Angular  spreads  of  the  incident  beam  were  0.036° 
and  0.063°  for  horizontal  and  vertical  planes,  respec¬ 
tively.  These  spreads  were  sufficiently  smaller  than  the 
critical  angle  for  the  channeling.  The  deflection  of  225 
(Jim  gave  nse  to  changes  in  the  incident  angles,  while  the 
angular  spreads  did  not  change.  The  change  in  the 
incident  angles  were  0.041°  and  0.096°  for  horizontal 
and  vertical  planes,  respectively,  "^nese  changes  in  the 
incident  angle  were  an  order  of  magnitude  smaller  than 


the  critical  angle.  Therefore,  both  the  angular  spread 
and  the  change  in  the  incident  angle  were  negligible  for 
the  channeling  contrast  analysis. 

The  damage  distribution  induced  by  gallium  FIB 
implantation  at  100  keV  to  a  dose  of  3  X  lO’’  Ga'^/cm^ 
in  siheon  was  analyzed.  Fig.  2  shows  an  optical  micro¬ 
graph  of  the  implanted  surface.  The  upper  and  lower 
fringes  are  gold  electrode  patterns.  The  gallium  ions 
were  implanted  into  two  regions  as  shown  in  fig.  2.  The 
upper  region  (1)  is  a  rectangular  pattern  of  100  x  10 
(im^  with  tliree  overlapping  line  patterns  with  widths  of 
1,  2  and  5  (im.  The  lower  region  (2)  consists  of  three 
rectangular  patterns  with  widths  of  5,  8  and  10  |Jim. 

Channeling  contrast  analysis  of  the  masklessly  im¬ 
planted  si'icon  was  performed  by  the  400  keV  helium-ion 
microprohe.  The  energy  window  of  the  SCA  was  ad¬ 
justed  to  a  silicon  spectrum.  Fig.  3  shows  the  channeling 
contrast  images  of  the  damage  patterns.  The  vertical 
scale  stands  for  backscattering  yields,  where  yields  lower 
than  an  offset  value  of  one  count  were  not  indicated. 
The  analyzed  area  in  fig.  3  corresponds  to  the  optical 
micrograph  in  fig.  2.  Fig.  3b  is  the  four  times  magnified 
image  of  the  upper  implanted  region  (1).  The  micro¬ 
probe  was  aligned  to  the  crystalline  axis  by  a  focused 
beam  with  a  spot  size  of  about  10  (im.  The  spot  size  of 
the  microprobe  during  measurements  was  3x3  |im^ 
with  a  beam  current  of  30  pA  Data  acquisition  time 
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Fig.  1.  Ion  irajeciories  for  straight  and  deflected  beums)  in  a  microbeam  line;  (a)  horizontal  (x)  plane;  (b)  vertical  {y)  plane 
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Fig.  2.  Optical  micrograph  of  masklessly  gallium-implanted 
silicon.  The  gallium  ions  were  implanted  in  two  regions  (1  and 
2).  The  upper  and  lower  fringes  are  gold  electrode  patterns. 


the  change  in  crystallinity.  Yields  m  a  crystalline  region 
(i.e.,  not  implanted  regton)  were  uniformly  low.  In  spite 
of  the  large  scanning  area  of  450  x  450  changes  in 
the  incident  angle  of  the  microprobe  to  the  crystalline 
axis  were  sufficiently  low  and  no  dcchanneling  occurred 
even  at  the  edges  of  the  scanning  area.  The  increase  in 
minimum  scattering  yields  of  the  implanted  region  was 
also  detected  in  fig.  3b.  The  precise  shape  of  the  im¬ 
planted  patterns  could  not  be  resolved  because  of  low 
backscattering  yields  in  this  case. 

Although  microprobe  irradiation  degrades  crystallin¬ 
ity  of  a  sample,  drastic  increase  in  the  minimum  scatter¬ 
ing  yield  of  an  aligned  KBS  spectrum  was  not  observed 
by  a  microprobe  irradiation  of  less  than  5  X 10*^ 
HeVoi™^  in  our  previous  study  [10].  Since  the  micro- 
p’obe  dose  of  6  x  10’^  Ht^/crc?  for  fig.  3b  was  three 
orders  of  magnitude  lower  than  the  critical  dose  (5  X 
lO’^  He^/cm^),  a  change  in  minimum  scattering  yield 
during  measurements  was  not  observed.  Therefore,  the 
microprobe  dose  can  be  further  increased  to  obtain 
higher  yield  and  suppress  statistical  errors.  However, 
clear  image  of  the  damage  distribution,  indicating  posi¬ 
tions  and  shapes,  could  be  obtained  by  a  low  micro¬ 
probe  dose  (6x10''*  He*^/cm^)  and  a  short  data- 
acquisition  time  (7  min). 


was  7  min.  Higher  backscattering  yields  due  to  the 
dechanneling  by  the  gold  electrodes  were  observed  at 
the  upper  and  lower  fringes  in  fig.  3a.  This  is  not  due  to 


4.  Conclusion 

Channeling  contrast  analysis  using  a  400  keV 
helium-ion  microprobe  was  performed  to  investigate 
locally  induced  damages  by  maskless  ion  implantation. 
Angular  spreads  and  change  in  incident  angles  during 
the  channeling  contrast  analysis  were,  at  most,  0.096°,- 
which  was  sufficiently  smaller  than  the  critical  angle  of 
1.2°  for  400  keV  helium  to  the  silicon  (100)  axis.  Local 
damage  distributions  induced  by  100  keV  focused  gal¬ 
lium-ion  implantation  to  a  dose  of  3  X  lO'^  Gsi^/cn? 
in  silicon  could  be  detected  by  the  channeling  contrast 
analysis  with  a  low  microprobe  dose  of  6  X  lO*'* 
He-"/cm^ 


Fig.  3.  Channeling  contrast  images  of  masklessly  gallium-im¬ 
planted  silicon.  The  scanning  a.'ea  of  (a)  corresponds  to  the 
optical  micrograph  in  fig.  2;  (b)  is  an  enlarged  image  of  the 
upper  implanted  region  (1). 
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Poly-Si  layers  were  deposited  on  thermal  oxides  of  Si  at  various  temperatures  from  560  to  700  °C.  Arsenic  was  implanted  at  100 
keV  to  a  dose  of  1  x  10'*‘  cm  "  ^  in  poly-Si  layers,  followed  by  annealing  at  1000  °  C.  The  grain  size  was  found  to  range  from  10  to  220 
nm  for  deposition  temperatures  from  620  to  700  ®C  Implantation,  followed  by  annealing,  resulted  in  grain  sizes  of  200-250  nm 
independent  of  deposition  temperature.  An  optimum  deposition  temperature  range  for  poly-Si  layers  w'as  found  by  Raman 
measurement  to  be  660-680 “C,  in  which  arsenic-implanted  layers  have  residual  tensile  stresses  of  0.75-.''.0  kbar  after  annealing  at 
1000  “C  for  20  min. 


1.  Introduction 

Poly-silicon-on  insulator  (poly-SOI)  structures  have 
recently  attracted  great  attention  because  of  their  poten¬ 
tial  for  application  tn  thin-film  transistors  (TFTs)  such 
as  switching  devices  for  flat-panel  displays  or  driving 
circuits  for  image  sensors.  Improvement  in  device  per¬ 
formance  of  poly-Si  TFTs  is  possible  by  optimizing 
TFT  structures  [1),  or  by  increasing  grain  size  and 
reducing  defects  in  poly-Si  layers.  Aspects  of  crystallin¬ 
ity,  i.e ,  grain  boundary  defects  and  grain  sizes  of  poly-Si 
layers,  depending  on  deposition  and  annealing  tempera¬ 
ture,  affect  device  performance  such  as  switching  speeds. 

Arsenic  (As)  implantation,  followed  by  annealing,  is 
one  of  the  possible  doping  processes  for  TFT  in  poly-Si 
layers  with  SOI  structures,  where  precise  controls  of 
impurity  profiles,  i.e.,  junction  depth,  are  necessary. 
Diffusion  of  implanted  As  in  poly-Si  layers  also 
depended  on  the  grain  size  [2-5]. 

In  this  study,  the  deposition  temperature  dependence 
of  the  grain  size,  crystallinity  and  residual  stress  in 
poly-Si  layers  before  and  after  As  implantation  has 
been  investigated  by  transmission  electron  microscopy 
(TEM)  and  Raman-scattering  spectroscopy. 

2.  Experimental  procedures 

Boron-doped  poly-Si  layers  with  a  thickness  of  500- 
800  nm  were  deposited  by  a  low-pressure  CVD  method 

’  On  leave  from  Glory  Ltd..  Himeji,  Hyogo  670,  Japan. 


on  a  100  nm  thick  oxide  of  (100)  Si  wafers.  The  pressure 
during  deposition  was  0.25  Torr,  while  the  deposition 
temperature  was  varied  between  560  ®C  and  700  °C. 
The  deposition  rate  ranged  from  2.5  to  9.0  nm/mm. 
depending  on  the  deposition  temperature.  In  poly-Si 
layers  100  keV  As  ions  were  implanted  to  a  dose  of 
1  X  10''’/cm”^.  Conventional  furnace-annealing  in  a 
flowing  nitrogen  atmosphere  was  performed  for  20  min 
at  1000  “C. 

Transrmssion  electron  microscopy  (TEM)  was  used 
to  measure  the  gram  sizes  of  poly-Si  layers  before  and 
after  implantation  followed  by  annealing.  The  gram  size 
was  determined  at  near-surface  regions  of  the  samples. 

Raman  scattering  spectroscopy  was  used  before  and 
after  implantation  followed  by  annealing,  to  measure 
residual  stress  and  crystallinity,  i.e.,  grain  boundary 
defects  in  poly-Si  layers  [4,5],  The  relative  peak  position 
can  be  determined  with  an  accuracy  of  about  0.1  cm“'. 
A  488  nm  line  of  an  Ar  laser  with  a  penetration  depth 
of  about  500  nm  was  used  to  excite  the  sample,  in  which 
Raman  signals  come  from  only  poly-Si  layers.  The 
experimental  arrangement  was  described  in  detail 
elsewhere  [6], 

3.  Results  and  discussion 

Table  1  compares  the  grain  sizes  of  deposited  poly-Si 
layers  on  insulators  for  various  deposition  temperatures 
from  560  to  700  °C  before  and  after  implantation,  ob¬ 
tained  from  cross-sectional  TEM  observation.  At  560  “C 
the  cross-sectional  TEM  photograph  showed  no  con- 
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Table  1 

A  comparison  of  grain  sizes  for  poly-Si  layers  deposited  at  560, 
620,  660  and  700  °C  before  and  after  implantation  and  anneal¬ 
ing 


Deposition 

Grain  size  [nm] 

temperature 

|°C] 

As-deposited 

Implanted  *’ 

560 

amorphous 

200 

620 

10 

250 

660 

200 

-  h> 

700 

220 

-  t»> 

Samples  were  annealed  at  1000  “C  for  20  min 
Not  measured. 


trast,  indicating  that  the  deposited  Si  layer  was 
amorphous.  An  average  grain  size  of  10  nm  was  ob¬ 
served  for  Si  layers  deposited  at  620  “C.  Further  in¬ 
crease  in  the  deposition  temperature  to  660-700°  C 
resulted  in  gram  sizes  of  200-220  nm.  These  results 
indicate  that  the  deposition  temperature  must  be  held 
above  620  °C  to  obtain  poly-Si  layers  on  insulators. 

As  ion  implantation  in  deposited  Si-layers  gave  rise 
to  a  dark  contrast  in  cross-sectional  TEM  images  with  a 
thickness  of  150  nm,  corresponding  to  the  amorphous 
layer  induced  by  implanted  As  in  Si  [S],  Annealing  at 
1000  °C  for  20  min  after  As  implantation  showed  the 
contrast  to  change  in  the  cross-sectional  TEM  images, 
indicating  grain  sizes  of  200-250  nm  even  for  Si-layers 
deposited  at  560-620  °  C.  These  results  indicate  that  As 
implantation  followed  by  annealing  causes  grain  en¬ 
largement. 

In  order  to  clarify  the  influence  of  deposition  tem¬ 
perature  on  the  crystallinity  after  the  implantation  and 
annealing  processes,  Raman-scattering  measurements 
have  been  performed,  since  TEM  methods  require  tedi¬ 
ous  and  time-consuming  sample  preparation. 

Fig.  1  shows  the  comparison  of  the  Raman  spectra 
for  Si  layers  deposited  at  560,  640  and  680  °C,  respec¬ 
tively.  A  spectrum  for  bulk  crystalline  Si  is  also  shown 
for  comparison.  The  Raman  spectrum  for  crystalline  Si 
has  a  peak  at  about  520  cm~'  with  a  half-width 
(FWHM)  of  4.0  cm"',  while  the  peak  for  a  Si-layer 
deposited  at  560  °C  is  not  observed.  This  result  is  in 
good  agreement  with  that  of  grain  size  measurement  by 
TEM,  in  which  the  deposited  layer  did  not  show  any 
contrast,  indicating  that  the  deposited  layer  is 
amorphous.  A  Raman  peak  with  a  half-width  of  7.2 
cm"'  appears  for  the  Si-layer  deposited  at  640 "C.  The 
broadening  of  the  half-width  is  due  to  the  grains  in 
poly-Si  layers.  The  peak  intensity  increases  by  about 
three  times  for  the  Raman  signal  from  poly-Si  layers 
deposited  at  680 °C  and  the  half-width  is  6.8  cm"', 


500  520  540 

RAMAN  SHIFT  (cm'^) 

Fig,  1.  Raman  scattenng  spectra  for  single-crystalline  bulk  Si 
and  poly-Si  layers  deposited  at  560,  640  and  680  “  C. 

This  indicates  that  the  grain  size  becomes  larger  by 
elevating  the  deposition  temperature  from  560  °C  to 
680  °C. 


500  520  540 

RAMAN  SHIFT  (cm') 

Fig.  2.  Raman  scattenng  speefa  for  poly-Si  layers  deposited  at 
560,  640  and  680  °C  and  implanted  with  As^  ions  to  a  dose  of 
1  xlO'Vcin"^  after  annealing  at  1000°C  for  20  mm.  A  Ra¬ 
man  spectrum  for  bulk  Si  is  also  shown. 
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Fig.  3.  Raman  peak  intensity,  half-width  and  shift  as  a  func¬ 
tion  of  deposition  temperature  for  poly-Si  before  and  after 
As*  implantation.  Implanted  poly-Si  samples  were  annealed 
at  1000  “C  for  20  mm 


Fig.  2  shows  the  comparison  of  the  Raman  spectra 
for  poly-Si  layers  deposited  at  560,  640  and  o80 "  C  and 
implanted  with  As  ions  to  a  dose  of  1  xlO’Vcm'^ 
after  annealing  at  1000  "C  for  20  min.  A  Raman  peak 
with  a  half-width  of  5.3  cm~'  is  observed  for  poly-Si 
layers  deposited  at  560  “C  and  implanted  with  As  ions 
after  annealing  at  1000  “C  for  20  min.  This  is  in  good 
agreement  \/ith  TEM  observation,  in  which  implanta¬ 
tion  and  annealing  resulted  in  a  grain  size  of  200  nm  for 
Si-layers  deposited  at  560  "C.  The  increase  in  deposi¬ 
tion  temperature  to  640-680  °C  enhanced  the  peak 
intensity  of  Raman  signals  by  2-4  times.  These  results 
suggest  that  higher  deposition  temperatures  are  superior 
in  obtaining  better  crystallinity  even  after  implantation 
and  annealing. 

Fig.  3  shows  Raman  peak  intensity,  half-width,  and 
shift  as  a  function  of  deposition  temperature  for  poly-Si 
layers  before  and  after  As  implantation  followed  by 
annealing  at  1000  “C  for  20  min.  The  Raman  peak 
intensity,  indicating  crystallinity,  gradually  increases 
with  the  increase  in  deposition  temperature  of  poly-Si 
layers  from  600  "C  and  shows  a  maximum  at  680  ®C  for 
both  as-deposited  and  implanted  layers.  At  700  °C  the 
peak  intensity  decreases.  The  halfwidth  for  as-deposited 
layers  changes  with  deposition  temperature,  while  that 


for  layers  implanted  with  As  ions  after  annealing  shows 
a  constant  value  of  about  5.0  cm~’.,  The  peak  shift 
ranges  from  1.2  to  0.3  cm“'.  Such  peak  shifts  are 
induced  by  different  mechanisms;  for  as-deposited 
layers  at  560-6^f0  °  C  the  grain  size  is  less  than  10  nm, 
which  induces  the  relaxation  of  the  phonon  wave  vector, 
giving  rise  to  the  shift  in  peak  wave  number  [7],  while 
the  implanted  layers  after  annealing  have  grain  sizes 
greater  than  200  nm,  so  that  the  shift  is  due  to  the  stress 
in  the  layer  [6-8],  The  peak  shift  of  0.3  to  1.2  cm  “ '  to 
lower  wave  numbers  for  implanted  layers  after  anneal¬ 
ing  corresponds  to  tensile  stresses  of  0.75  to  3.0  kbar  [8]. 
The  optimum  deposition  temperature  of  poly-Si  layers 
is,  thus,  660-680  °C. 


4.  Conclusions 

Poly-Si  layers  were  deposited  on  thermal  oxides  of  Si 
at  various  temperatures  from  560  to  700  °C.  Arsenic 
was  implanted  at  100  keV  to  a  dose  of  1  X  10'*  cm"^. 
Gram  size,  crystallinity,  and  residual  stress  in  poly-Si 
layers  were  investigated  before  and  after  implantation 
followed  by  annealing,  by  transmission  electron  mi¬ 
croscopy  and  Raman  scattering  spectroscopy. 

Grain  size  was  found  to  range  from  10  to  220  nm  for 
deposition  temperatures  from  620  to  700  °C.  Implanta¬ 
tion,  followed  by  annealing  at  1000  °C  for  20  mm, 
resulted  in  grain  sizes  of  200-250  nm,  independent  of 
deposition  temperature.  An  optimum  deposition-tem¬ 
perature  range  for  poly-Si  layers  was  found  by  Raman 
measurement  to  be  660-680  °C,  in  which  arsenic-im¬ 
planted  layers  have  tensile  stresses  of  0.75-3.0  kbar 
after  annealing. 
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Carbon-doped  GaAs  films  with  p-type  conduction  on  GaAsflOO)  substrates  were  grown  by  the  ICB  technique  The  carrier 
concentration  of  the  films  was  in  the  range  lO'*  to  10“  cm■■^-  and  the  Hall  mobility  increased  from  50  to  100  cmV(Vs)  with 
decreasing  earner  concentration  In  Rutherford  backscattering  spectroscopy  (RBS)  analysis,  highly  carbon-doped  films  had  a  low 
value  of  Xmin--  ^-5^.  which  was  almost  the  same  as  that  of  the  GaAs  substrate.  It  was  also  found  that  these  films  had  a  high 
activation  ratio  of  carbon  as  an  acceptor. 


1.  Introduction  2.  Deposition  conditions 


Epitaxial  growth  of  p-type  GaAs  films  with  a  high 
tarrier  concentration  has  been  of  interest  in  electronic 
oeviccs  such  as  the  hetero  bipolar  transistor  (HBT), 
negative  electron  affinity  (NEA)  devices,  etc.  [1,2]. 
1-abrication  of  these  devices  requires  high  quality  GaAs 
films  with  a  flat  surface  and  a  high  carrier  concentra¬ 
tion.  In  order  to  obtain  p-type  GaAs  films  by  conven¬ 
tional  methods,  impurities  such  as  Be,,  Zn  and  Mg  have 
been  used  as  a  dopant  [3,4].  These  materials  have  a  high 
diffusion  coefficient  resulting  in  the  segregation,  and 
highly  doped  GaAs  films  showed  a  rougli  surface.  On 
the  other  hand,  carbon  is  an  effective  dopant  [5]  be¬ 
cause  of  a  low  diffusion  coefficient  and  a  high  activa¬ 
tion  ratio.  Methane  (CH4)  gas  can  be  dissociated  by 
ionization  process  to  produce  radical  species  such  as 
CH.  rH2  and  CH,,  and  the  radical  species  can  be  used 
to  provide  carbon  as  an  acceptor  in  the  GaAs  films. 

The  ionized  cluster  beam  (ICB)  technique  [h]  is  an 
ion-assisted  technique  for  film  formation  by  using  low- 
energy  ion  beams.  It  has  several  advantages  in  film 
formation,  one  of  which  is  the  capability  of  controlling 
the  film  properties  by  adjusting  the  acceleration  voltage 
and  the  electron  current  for  ionization.  Therefore,  ioni¬ 
zation  and  acceleration  for  Ga  and  As  clusters  in  the 
CH4  gas  atmosphere  are  effective  to  obtain  the  p-type 
GaAs  films  with  a  high  earner  concentration.  In  this 
paper,  we  investigate  the  crystalline  state  and  the  elec¬ 
trical  properties  of  the  carbon-doped  GaAs  films  pre¬ 
pared  by  the  ICB  technique. 


High-purity  gallium  (7N-Ga)  and  arsenic  ',6N-As) 
were  used  as  source  m.aterials.  The  carbon  cnicioles  for 
Ga  and  As  were  heated  up  to  1250  and  360  °C.-  respec¬ 
tively  Ga  and  As  clusters,  which  are  expected  to  be 
formed  by  an  adiabatic  expansion  from  the  individual 
crucibles  [7]  and  consist  of  100-1000  atoms  loosely 
coupled  together  [8,9],  were  ionized  and  accelerated 
together  with  high-purity  methane  (3N-CH4)  gas  The 
ioni'  ition  ratio  of  clusters  could  be  changed  to  several 
tens  percent  by  increasing  the  electron  current  for  lon'- 
zation  [10],  The  CH4  gas  was  introduced  into  the  lor  - 
zation  region  of  As  clusters  through  the  leak  valve. 
Carbon  could  be  doped  effectively  in  the  film  as  an 
acceptor,  because  the  ionized  and  radical  species  of  CH,. 
CH2  and  CH3  produced  by  the  electron  current  foi  the 
ionization  of  As  clusters  could  be  used  for  the  enhance¬ 
ment  of  chemical  bonding  between  gallium  and  carbon 
atoms.  The  electron  current  {[.)  for  ionization  and  the 
acceleration  voltage  (k'^)  were  adjusted  at  /,.  =  0-700 
mA  and  =  0-1  kV,.  respectively.  The  substrate  was 
Cr-doped  semi-insclating  GaAs(lOO)  The  GaAs  sub¬ 
strate  was  cleaned  by  standard  organic  solvents,  etched 
by  the  H2SO4-H2O2-H2O  solution,  and  rinsed  in  de¬ 
ionized  water..  It  was  prebaked  while  being  exposed  to 
the  As  cluster  beam,  which  was  effective  in  removing 
the  oxygen  contaminant  from  the  substrate.  The  sub¬ 
strate  temperature  (T^)  during  the  growth  was  adjusted 
in  the  range  of  =  470-700  °C.  The  growth  rate  was 
about  25  nm/min,  and  the  film  thickness  was  about  1 
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Fig.  1,  Dependence  of  the  earner  concentration  and  Hall 
mobility  as  a  function  of  the  electron  current  for  ionization. 


pm.  The  background  pressure  in  the  chamber  evacuated 
by  the  cryopump  was  4  x  10~^  Torr 


3.  Results  and  discussion 

Doping  effects  of  CH^  gas  into  GaAs  films  prepared 
at  different  deposition  conditions  were  investigated.  Fig. 
1  shows  the  dependence  of  the  Hall  mobility  and  the 
carrier  concentration  on  the  electron  current  for  ioniza¬ 
tion.  By  increasing  the  electron  current  for  ionization, 
the  carrier  concentration  was  increased  and  the  Hall 
mobility  was  decreased.  This  is  due  to  the  enhancement 
of  the  chemical  reaction  between  CH4  gas  and  gallium 
atoms  by  ionization  which  resulted  in  the  effective 
doping  of  carbon  as  an  acceptor.  In  the  case  of  the  films 
prepared  by  using  neutral  Ga  and  As  clusters  in  the 
CH4  gas  atmosphere,  the  films  showed  high  resistivity. 


Fig.  2  Dependence  of  the  carrier  concentration  and  Hall 
mobility  as  a  function  of  the  acceleration  voltage  for  ionized 
cluster  beams. 


X-RAY  DIFFRACTION  ANGLE  ,(sec), 

Fig.  3.  X-ray  rocking  curves  al  the  (400)  plane  of  GaAs 
substrate  and  p-GaAs :  C  film 

and  it  was  difficult  to  measure  the  Hall  mobility  and 
the  carrier  concentration. 

The  CH4  gas  could  be  dissociated  by  ionization,  and 
ionized  and  radical  species  such  as  CH,  CHj  and  CH3 
were  produced.  From  the  point  of  the  repulsion  force 
for  lone  pairs  and  bonding  pairs  of  electrons,  the  elec¬ 
tron  of  the  radical  is  considered  to  be  localized  near  the 
carbon  atom  [11].  This  effect  induces  the  displacement 
of  the  electric  charge  of  carbon  atom  in  parallel  to  the 
direction  of  the  dangling  bond.  Thereiore,  carbon  atoms 
can  form  the  bond  with  gallium  rather  than  with  arsenic 
(11)  because  the  electronegativity  of  carbon  is  larger 
than  that  of  arsenic.  In  addition,  the  ionization  of  anion 
material  in  the  compound  material  can  enhance  the 
chemical  reaction  with  the  cation  material.  Thus,  carbon 
can  attract  more  electrons  from  gallium  because  the 
ionic  state  of  carbon  has  more  net  charge  [12].  There¬ 
fore,  ionization  of  the  CH4  gas  is  effective  for  doping  of 
carbon  as  an  acceptor. 

The  Hall  mobility  and  the  earner  concentration  of 
the  films  could  be  controlled  by  adjusting  the  accelera¬ 
tion  voltage  as  well  as  the  electron  current  for  ioniza¬ 
tion.  This  is  a  preferred  characteristic  for  the  carbon- 
doped  GaAs  films  prepared  by  ICB  in  comparison  with 
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the  films  by  MBE  and  other  techniques.  As  shown  in 
fig.  2,  the  carrier  concentration  has  a  maximum  at 

=  50  V,.  and  the  Hall  mobility  decreases  with  the 
increase  of  acceleration  voltage.  At  higher  acceleration 
voltages,  the  excess  kinetic  energy  of  atomic  and  molec¬ 
ular  gas  ions  included  in  the  beam  may  produce  defects 
in  the  films,  decreasing  the  Hall  mobility. 

With  respect  to  the  substrate  temperature  depen¬ 
dence,  the  carrier  concentration  was  almost  constant  in 
the  range  of  470  to  700  °C,- which  was  about  lO'^cm"^. 
On  the  other  hand,  the  Hall  mobility  increased  with  the 
increase  of  substrate  temperature.  The  films  grown  at 
higher  substrate  temperatures  showed  an  improvement 
of  the  crystallinity. 

The  mcrease  of  CH4  gas  pressure  can  increase  the 
carrier  concentration.  In  the  condition  of  1^  =  500  mA, 
l^j  =  30  V,  7'j  =  610°C  and  a  CH4  gas  pressure  of 
3.2  X  10”'*  Torr,  films  with  a  carrier  concentration  of 
1.6  X  10^“  cm~'^  and  a  Hall  mobility  of  51  cmV(Vs) 
could  be  obtained.  In  addition,  the  relationship  between 
the  Hall  mobility  and  the  carrier  concentration  was 
investigated  for  the  films  prepared  at  different  growth 
conditions.  Hall  mobility  at  higher  carrier  concentra¬ 
tions  than  10'*  cm'^  had  a  good  agreement  with  the 
empirical  curve,  which  was  obtained  from  the  good- 
quality  GaAs  films  prepared  by  several  other  methods 
[3-5,13].  This  suggests  that  the  CH4  gas  could  be  heavily 
doped  as  an  acceptor  and  a  good-quality  GaAs  film 
could  be  formed. 

We  evaluated  the  activation  ratio  of  carbon  as  an 
acceptor  in  the  GaAs  films  by  measuring  the  double 
crystal  X-ray  rocking  curve  [14].  Fig.  3  shows  the  X-ray 
rocking  curve  at  the  (400)  plane  for  the  films  grown  at 
/,=  500  mA,  V^=30  V,  7;  =  610°C  and  a  CH4  gas 
pressure  of  3.2  XlO''*  Torr.  In  comparison  with  the 
GaAs  substrate,  a  large  shift  of  the  peak  position  in  the 
X-ray  rocking  curve  is  observed.  From  the  peak  shift, 
the  activation  ratio  of  carbon  as  an  acceptor  could  be 
expected  to  be  high  by  applying  Begard’s  rule  [14]. 

In  order  to  investigate  the  crystallinity  of  the 
carbon-doped  GaAs  films,  the  Rutherford  backscatter- 
ing  spectroscopy  (RBS)  analysis  was  made.  Fig.  4  shows 
RBS  spectra  of  the  GaAs  film  having  a  carrier  con¬ 
centration  of  1.6  X  10^°  cm“^.  In  the  figure,  the  dashed 
line  corresponds  to  the  interface  between  the  film  and 
the  substrate.  As  shown  in  the  figure,  there  is  no  step  in 
the  spectra  near  the  interface.  Furthermore,  the  surface 
peak,  that  is  Xmin-  found  to  be  4.5%,  which  was 
almost  the  same  as  that  of  the  GaAs  substrate  used. 
This  indicates  the  good  quality  of  GaAs  films  prepared 
even  with  a  very  high  carrier  concentration. 

4.  Conclusions 

Carbon-doped  GaAs  films  with  p-type  conduction 
have  been  grown  on  GaAs(l(X))  substrates  by  the  ICB 


technique.  The  films  had  a  high  carrier  concentration 
and  a  flat  surface.  The  carrier  concentration  of  the  films 
was  in  the  range  of  lO'®  to  10^“  cm“^,-  and  the  Hall 
mobility  increased  from  50  to  100  cm^/(Vs)  with  the 
decrease  of  carrier  concentration.  In  the  RBS  analysis, 
the  highly  carbon-doped  GaAs  films  had  a  low  value  of 
Xmin-  4.5%.  which  was  almost  the  same  as  that  of  the 
GaAs  substrate  used.  It  was  also  found  that  these  films 
showed  a  large  shift  of  peak  position  in  the  X-ray 
rocking  curve  in  comparison  with  the  GaAs  substrate, 
indicating  a  high  activation  ratio  of  carbon  as  an  accep¬ 
tor.  In  addition,  characteristics  of  the  films  were  im¬ 
proved  by  the  ICB  method,  and  the  kinetic  energy  and 
the  ionic  charge  of  cluster  ions  were  effective  to  obtain 
the  high-quality  carbon-doped  GaAs  films. 
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We  have  prepared  atomically  flat  Au  films  by  using  an  ionized  cluster  beam.  The  films  were  deposited  on  polyimide  and  Si02  at 
room  temperature  in  an  ultrahigh  vacuum  of  4X 10"’  Torr  using  different  electron  currents  for  ionization  and  different  acceleration 
voltages  Using  scanning  tunneling  microscopy  (STMl  and  scanning  electron  microscopy  (SEM),  the  film  surface  was  found  to  be 
improved  with  increasing  acceleration  voltage.  The  root-mean-square  roughness  measured  was  0.25  nm  for  the  films  deposited  on 
SiOi  at  /j  =  100  mA  and  P’,  =  3  kV.  The  films  showed  high  reflectivity  for  X-rays  at  a  wavelength  of  0.834  nm. 


1.  Introduction 

The  formation  of  an  atomically  flat  surface  has 
become  important  in  optical  devices  such  as  X-ray 
telescopes,  synchrotron  radiation  sources,  LSI  devices, 
etc.  (1).  For  example.  X-ray  reflectivity  from  a  mirror 
surface  is  strongly  related  to  the  surface  and  interface 
characteristics  of  the  films  as  well  as  the  film  quality. 
The  control  of  these  characteristics  has  attracted  much 
interest  because  of  the  application  to  optical  mirrors 
operating  over  a  wide  range  of  wavelengths  and  this  has 
stimulated  the  development  of  film  preparation  tech¬ 
niques. 

The  ionized  cluster  beam  (ICB)  technique  is  an  lon- 
assisted  technique  for  film  formation  by  using  low 
energy  ton  beams  [2-4].  The  basic  mechanism  of  cluster 
formation  is  described  elsewhere  (5].  The  ionization 
ratio  of  clusters  can  be  changed  to  several  tens  of 
percents  by  adjusting  the  electron  current  for  ionization 
[6].  The  cluster  size  and  density  distribution  are  not 
exactly  clear,  but  the  ICB  technique  has  the  advantage 
of  providing  low-temperature  growth  with  the  aid  of  the 
kinetic  energy  and  ionic  charge  of  the  cluster  ions. 
Another  advantage  is  the  capability  of  controlling  the 
surface  and  interface  characteristics  of  the  films,  as  well 
as  the  film  properties.  In  this  paper  we  describe  the 
preparation  of  Au  films  on  SiOj  and  polyimide  by  the 
ICB  technique,  and  the  surface  and  interface  character¬ 
istics  of  these  films. 

2,  Experimental 

Gold  (Au)  films  were  prepared  in  an  ultrahigh 
vacuum  (UHV)  system  consisting  of  three  chambers;,  a 


growth  chamber,  an  analysis  chamber  and  an  exchange 
chamber.  The  growth  chamber,  which  was  evacuated  by 
ail  ion  pump,  was  equipped  with  an  ICB  source.  The 
analysis  chamber  was  also  evacuated  by  an  ion  pump, 
and  it  has  an  X-ray  photoemission  spectroscopy  (XPS) 
instrument. 

High  purity  (99.99%)  Au  was  charged  in  a  carbon 
crucible,  which  was  heated  to  1 750-1 800  ®C  by  electron 
bombardment.  The  Au  beam  ejected  from  a  2  mm 
nozzle  of  the  crucible  was  iomzed  and  accelerated  to  the 
substrate.  The  electron  current  (4)  for  ionization  was 
kept  at  100  mA.  The  acceleration  voltage  (V^)  was 
varied  from  0  to  5  kV..  The  deposition  rate  was  kept  at  3 
nm/min  by  adjusting  the  crucible  temperature.  The 
substrates  used  were  thermally  grown  S1O2  and  polyim¬ 
ide,  and  the  substiate  temperature  (T,)  during  deposi¬ 
tion  was  room  temperature.  Acetone  and  trichloroethyl-- 
ene  were  used  to  clean  the  S1O2  substrate  whilst  the 
polyimide  substrate  was  cleaned  using  methyl  alcohol. 
The  vacuum  pressure  during  deposition  was  4x  10~’ 
Torr. 


3.  Results  and  discussion 

3.1.  Au  on  polyimide 

X-ray  photoemission  spectroscopy  (XPS)  analysis 
was  made  to  investigate  the  initial  state  of  deposition  of 
Au  films  on  the  polyimide  substrate.  Fig.  1  shows  the 
dependence  of  C]s  signal  intensity  on  the  coverage  of 
the  Au  films.  C,,  is  the  XPS  signal  from  the  Is  orbital 
of  carbon  atoms,  which  are  constituent  atoms  of  the 
polyimide  substrate.  In  comparison  with  the  case  of 
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Fig.  1  Dependence  of  the  Cj,  intensity  on  the  coverage  of  the 
Au  films  prepared  on  polyimide  substrate  using  different  de¬ 
position  conditions. 

vacuum  deposition  [7],  the  film  prepared  at  4  ~  100 
niA  and  =  3  kV  by  ICB  shows  much  decrease  in  the 
C,s  intensity  with  the  increase  of  coverage  In  ICB 
deposition,  both  the  migration  effect  and  the  nucleation 
density  increase  with  increasing  acceleration  voltage 
This  indicates  the  approach  of  two-dimenstonal  growth 
for  the  films,  resulting  in  the  effective  formation  of  a 
smooth  surface.  For  the  case  of  F,  =  5  kV,  however,  the 
C,,,  intensity  decreases  gradually.  This  is  considered  to 
be  due  to  the  increase  of  the  surface  roughness  by  the 
excess  kinetic  energy  of  incident  beams. 

Fig.  2  shows  the  dependence  of  the  signal  inten¬ 
sity  on  the  coverage  of  the  Au  films  prepared  at  4  ==  R-T 
and  4  =  300  "C.  In  comparison  with  the  case  of  T^  = 
RT."  the  C|5  intensity  for  4  =  300 °C  decreases  gradu¬ 
ally  with  the  increase  in  coverage.  The  polyimide  surface 
becomes  soft  at  4  =  300  °  C,  and  the  migration  effect  of 
the  Au  clusters  decreases  compared  to  that  of  the  flat 
surface  at  =  RT.  Therefore,  the  Au  film  deposited  at 
higlier  substrate  temperature  approaches  that  for  three- 
dimensional  growth.  As  a  result,  the  Cj,  signal  from  the 
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Fig.  2  Dependence  of  C,^  intensity  on  the  coverage  of  the  Au 
films  prepared  on  polyimide  substrate  at  4  =  RT  and  = 
300  °C. 


polyimide  substrate  was  still  observed  even  when  the 
coverage  of  the  Au  film  was  larger  than  10  nm. 

In  order  to  investigate  the  surface  state  of  the  Au 
films  prepared  at  different  substrate  temperatures,  scan¬ 
ning  electron  microscopy  (SEM)  analysis  was  used.  Fig. 

3  shows  the  SEM  images  of  the  Au  films  prepared  at  (a) 

4  =  RT  and  (b)  4  =  300°C.  The  electron  current  (4) 
for  ionization  and  the  acceleration  voltage  (K,)  were 
4  =  100  mA  and  F,  =  5  kV,.  respectively.  The  film 
thickness  was  10  nm  for  both  films.  As  shown  in  the 
figure,  the  film  at  4  =  RT  is  continuous  and  it  has  a 
flat  surface.  On  the  other  hand,  the  film  at  4  =  300  °  C 
has  many  island-hke  grains.  This  is  due  to  the  increase 
of  condensation  and  coalescence  of  Au  adatoms  at 
4=300°C. 

3  2  Au  on  SiO; 

Au  films  deposited  on  SiO^  were  investigated  by 
scanning  tunneling  microscopy  (STM)  and  transmission 


Fig  3.  SEM  image.s  of  the  Au  films  prepared  on  polyiimde  substrate  at  (a)  4  “  RT  and  (b)  4  =  300°  C 
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Fig.  4.  STM  images  of  the  Au  films  prepared  on  SiOj  substrate  at  (a)  Fj,  =  3  kV  and  (b)  y^  =  5  kV. 


electron  microscopy  (TEM).  Fig.  4  shows  the  STM 
images  for  the  films  prepared  at  (a)  K,  =  3  kV  and  (b) 
K,  =  5  kV.  In  the  case  of  K,  =  3  kV,  the  film  is  found  to 
have  an  atomically  flat  suiface.  On  the  other  hand,  the 
surface  roughness  of  the  film  prepared  at  F,  =  5  kV 
increases.  The  root-mean-square  roughness  calculated 
by  using  the  X-ray  reflectivities,  which  were  measured 
at  different  incident  angles,  was  0.25  nm  at  kj  =  3  kV. 
The  surface  roughness  of  the  substrate  was  0 ,3  nm.  The 
increase  of  the  surface  roughness  occurs  because  of  the 
excess  kinetic  energy  of  incident  beams  on  the  substrate 
surface 

Fig.  5  shows  the  TFM  images  for  Au  films  prepared 
by  (a)  ICB  and  (bt  vacuum  deposition.  The  film  pre¬ 
pared  by  ICB  has  grams  larger  than  those  obtained  by 
vacuum  deposition  In  the  case  of  ICB  deposition,  the 
grain  size  and  the  packing  density  of  the  films  increased 
with  increasing  acceleration  voltage. 

Fig.  6  shows  the  X-ray  reflectivity  for  the  Au  films 
deposited  at  an  acceleration  voltage  of  3  kV.  The  film 
thickness  was  23  nm.  The  X-ray  used  was  A1  Ka  at  a 


wavelength  of  0.834  nm.  The  film  shows  a  reflectivity  of 
95^  at  an  incident  angle  of  0.75°.  This  is  10%  larger 
than  the  calculated  value  using  Fresnel’s  equation,  which 
assumed  that  the  surface  roughness  is  zero  [8].  It  should 
be  noted  that  the  X-ray  reflectivity  decreases  rapidly  at 
an  incident  angle  less  than  0.5°,  because  the  spot  size  of 
the  X-ra>  on  the  reflecting  surface  becomes  larger  than 
the  area  of  the  film,  i.e...  4x4  cm^. 


4.  Conclusions 

We  prepared  atomically  flat  Au  films  which  had  high 
reflectivity  for  X-rays  by  using  the  ionized  cluster  beam 
(ICB),  The  films  were  deposited  on  polyimide  and  on 
SiOj.  For  the  main  study  the  substrate  was  kept  at 
room  temperature,  and  the  vacuum  was  4  x  10 Torr. 
The  root-mean-square  roughness  was  0.25  nm  for  the 
films  deposited  on  SiO,  at  4  =  100  mA  and  F,  =  3  kV 
The  films  showed  a  high  reflectivity  for  X-rays  (A1  Ka) 
at  a  wavelength  of  0  834  nm.  The  reflectivity  was  95%  at 


\ 


Fig  5.  TEM  images  of  the  Au  films  prepared  on  S1O2  .substrate  (a)  at  4  =  100  mA  and  F„  =  3  kV  by  ICB  and  (b)  by  vacuum 

deposition. 
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Fig  6  X-ray  reflectivity  for  the  Au  film  prepared  on  an  SiO, 
substrate  at  =  100  mA  and  F,  =  3  kV 

an  incident  angle  of  0.75°.  This  was  10%  larger  than  the 
calculated  value  by  using  Fresnel's  equation,  which 
assumed  that  the  surface  roughness  is  zero. 
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A  description  of  the  installation  is  presented,  whicn  allows  complex,  piece  by  piece  double-sided  treatment  of  -  76  mm  0 
semiconductor  structures  to  be  performed  in  a  single  vacuum  cycle,  including  the  surface  cleaning,  multilayer  metallizing  and  rapid 
isothermal  electron-beam  heating.  The  installation  has  been  successfully  used  to  form  ohmic  and  barrier  contacts  for  discrete  devices 
and  integral  schemes  on  GaAs,  in  making  Ge  on  GaAs  structures,  as  well  as  for  rapid  electron-beam  thcmal  annealing  of  ion-doped 
Si  and  GaAs  layers  on  ~  100  mm  0  plates 


1.  Introduction 

In  recent  years  there  has  been  a  tendency  away  from 
equipment  used  for  batch  processing  of  semiconductor 
structures  when  producing  microelectronic  devices,  to 
the  use  of  equipment  designed  for  step  by  step 
processing.  Special  attention  is  now  paid  to  the  use  of 
equipment  capable  of  performing  as  many  technological 
operation  as  possible  in  a  single  vacuum  cycle  (1) 

One  of  the  prtxiess  stages  in  the  construction  of 
discrete  semiconductor  devices  (e.g.  radiating  diodes)  is 
the  formation  of  ohmic  junctions  including  semiconduc¬ 
tor  sub‘  'rate  cle.iiifng,  double-sided  contact  metallizing 
of  the  :,ubstrate  .ind  intermelting.  This  work  describes 
an  installation  constructed  on  the  basis  of  standard 
spraying  equipment.  The  installation  makes  it  possible 
to  realize  the  above-mentioned  process  in  a  single 
vacuum  cycle  and,  moreov-,,  to  produce  Ge  on  GaAs 
heterostructures  and  anneal  ion-implanted  Si  and  GaAs 
layers. 


2.  Technical  description 

A  schematic  representation  of  the  modernized  instal¬ 
lation  is  shown  in  fig.  1.  A  pumping  system  used  in  the 
installation  allows  an  ultimate  vacuum  in  the  operating 
volume  of  (4-6)  X  10"’  Pa  to  be  obtained. 

Preparatory  surface  cleaning  of  the  semiconductor 
substrate,  prior  to  the  metallizing  process,  is  performed 
either  in  a  glow  discharge  plasma,  or  by  electron-beam 
heating.  It  is  experimentally  established  that  combining 
these  methods  of  substrate  surface  cleaning  results  in 
better  electrophysical  parameters  of  the  contacts  formed. 


Fig.  1.  (1)  metal  hood,  (2)  electron-beam  heater..  (3)  primary 
elciiiciit,  (4)  displacement  device  with  semiconductor  plate 
holders,  (5)  blocks  of  thermal  evaporators  and  magnetron 
spraying,  (6)  observation  window,  (7)  feed  .sources  for  spraying 
system.  (8)  controlling  computing  system,  (9)  block  of  feed 
sources  for  electron-beam  healer,  (10,11)  sources  to  form  a 
plasma  emission  surface,  (12)  accelerating  voltage  source. 
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To  increase  the  technologtcal  potential,  a  small-size 
magnetron  spraying  unit  was  additionally  introduced 
into  the  installation,  including  four  thermal  evaporators. 
The  construction  of  the  magnetron  unit,  the  operating 
principle  of  which  is  described  in  ref.  [2],  as  well  as  its 
electric  supply  system  make  it  possible  to  carry  out  both 
successive  and  joint  sputtering  of  the  three  different 
materials.  A  controlling  computing  system  realized  the 
control  and  monitoring  of  semiconductor  substrate 
metallization. 

For  thermal  treatment  of  semiconductor  structures,  a 
heater  based  on  a  plasma  electron  emitter  is  used  [3], 
which  forms  a  wide-aperture  quasi-continuous  beam 
having  the  following  parameters:  electron  energy  1-10 
keV;  power  density  0.1-40  W/cm^;  density  distribution 
nonuniformity  over  the  beam  cross  section  ±5%;  beam 
diameter  100  mm;  and  beam  current  pulse  duration 
0.5-100  s. 

The  advantage  of  plasma  emitters  over  other  kinds 
of  emitters  is  explained  by  their  high  emission  efficiency 
and  reliability,  long  operation  capability,  nonsensitivity 
to  gas-release  from  substrates  treated  and  pressure 
surges  in  the  installation  operation  volume.  In  the  elec¬ 
tron-beam  heater  a  large-area  plasma  emitting  surface  is 
created  in  a  special  hollow  electrode  due  to  charged 
particles  being  injected  into  it  through  a  small  hole  from 
a  discharge  cell,  where  a  reflective  discharge  plasma 
with  cold  electrodes  is  generated  [4].  This  principle  of 
plasma  emitter  construction  allows  a  large  cross  section 
electron  beam  to  be  obtained  with  power  density  suffi¬ 
cient  for  a  thermal  treatment  and  a  uniformity  within 
operating  pressure  range  of  10  "^-1  Pa. 

The  heater  is  supplied  from  three  sources,  situated  in 
the  common  unit  (labelled  9  in  fig.  1).  Two  identical 
sources  (10.  11)  are  used  to  form  a  large-area  plasma 
emission  surface  and  provide  at  the  output  a  voltage  up 
to  1  kV  at  a  nominal  current  of  ~  1  A.  The  third 
high-voltage  source  (12)  is  connected  to  a  special  hollow 
heater  electrode  by  its  negative  pole,  while  its  positive 
pole  is  grounded.  It  allows  the  electron  energy  to  be 
regulated  smoothly  from  1  to  10  keV  and  provides  a 
nominal  current  up  to  0.4  A.  The  heater  control  is 
performed  both  in  “manual”  and  automatic  regimes.  In 
the  “manual”  regime  at  the  specified  electron  beam 
parameters,  the  heater  control  is  performed  by  setting 
the  running  time.  In  the  automatic  regime,  heater  con¬ 
trol  is  provided  by  the  controlling  computing  system  (8) 
due  to  a  signal  from  the  combined  primary  element  3 
(fig.  1).  Tlie  primary  element  allows  measurement  of  the 
beam  current  density  and  uniformity  over  the  cross 
section,  as  well  as  the  semiconductor  plate  temperature 
during  fast  isothermal  heating.  The  primary  element 
consists  of  a  multiaperture  collimator  with  a  unit  of 
Faraday  cylinders  and  a  photodiode.  The  Faraday  cyl¬ 
inders  are  situated  in  such  a  way  that  they  allow  the 
current  density  distribution  to  be  controlled  over  the 


Fig.  2.  Voltage-current  charactenstic  of  a  plasma  electron- 
beam  source.  Discharge  current:  (1. 1')  0.4  A;  (2,  2')  0.5  A;  (3, 
3')  0.7  A.  (1.  2,  3)  Beam  current  stabilization  included;  (!',  2',. 

3')  beam  current  stabilization  excluded. 

beam  cross  section  in  two  mutually  perpendicular 
planes.  Photodiode  signals,  which  are  proportional  to 
the  temperature  of  the  irradiated  semiconductor  plate 
[5]  provide  the  electron  heater  control  in  the  automatic 
regime. 

The  voltage-current  characteristic  of  the  heater  (fig. 
2)  shows  an  insufficient  beam  current  I  dependence  on 
the  accelerating  voltage  U,  when  U>2  kV,  but  by 
introducing  current  stabilization  one  can  practically 
eliminate  this  dependence.  The  efficiency  of  the  elec¬ 
tron-beam  heater  constiiicted  using  such  a  scheme 
achieves  80-90%.  This  ts  practically  provided  by  using 
diaphragms  of  different  diameters,  confining  the  plasma 
emitting  surface  area.  The  diaphragms  introduced  do 
not  reduce  the  current  density  distribution  over  the 
beam  cross  section.  In  all  cases  the  nonuniformity  of 
the  current  density  distribution  does  not  exceed  ±5% 
(fig.  3).  The  diameter  of  the  diaphragm  used  is  defined 
by  the  diameter  of  the  semiconductor  structures  treated. 

The  electron-beam  heater  makes  it  possible  to  fine'y 
change  the  electron  beam  power  density,,  thus  corre¬ 
sponding  to  requirements  of  a  fast  isothermal  annealing 
of  large-diameter  semiconductor  structures. 

A  holder  is  used  for  fixing  semiconductor  plates, 
which  is  constructed  to  allow  double-sided  treatment  of 
the  substrates.  Two  pairs  of  thin  strings  of  a  refractory 
metal  are  the  fixing  elements  of  the  holder.  This  pro¬ 
vides  minimal  shadowing  of  the  plate  operating  field,  as 
well  as  minimal  influence  of  the  supports  on  the  tem¬ 
perature  distribution  over  the  plate.  A  100  mm  0 
semiconductor  plate  treated  is  introduced  into  the 
holder,  squeezed  by  strings  just  at  the  edges,  and  is 
fixed  rigidly  by  regulated  stretching  of  the  strings. 

The  movement  of  holders  from  one  treatment  posi¬ 
tion  to  another  is  performed  using  a  special  device.  It 
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Fig.  3.  Current  density  distribution  along  the  beam  section  50 
nim  from  the  emission  electrode.  Diaphragm  hole  diameter:  (1) 
85  mm;  (2)  65  mm;  (3)  45  mm. 

allows  the  plates  to  be  moved  in  the  horizontal  plane 
and  to  rotate  by  180°  (fig.  4).  It  consists  of  a  support 
(2)  in  the  form  of  a  star  with  six  rays,  and  a  guide  (4). 
Plate  holders  H1-H6  are  attached  to  the  support  using 
a  bracket  (3)  and  special  axles.  The  bracket  (3)  is 
connected  with  the  holder  by  means  of  an  axle  screw. 


Fig.  4.  Schematic  diagram  of  the  device  for  semiconductor 
plate  displacement  and  their  treatment  positio.is  (plan  view). 
(1)  Vacuum  chamber  frame,  (2)  support,  (3)  bracket  with  axle, 
(4)  guide,  (5)  anode  assembly  of  the  ion-cleaning  block,  (6) 
electron-beam  heater;  (H1-H6)  semiconc'.uctor  substrate 
holders,  (7)  the  appearance  of  guide  4  on  the  side  of  the 
electron-beam  heater. 


making  it  possible  for  the  holder  to  have  an  additional 
degree  of  freedom.  The  guide  (4),  which  specifies  a 
definite  orientation  for  each  holder  with  respect  to  the 
units  of  treatment  positions,  is  situated  in  parallel  under 
the  holder  (2).  In  fig.  4  the  holders  H1-H3  are  in  a 
horizontal  position  above  the  metal-spraying  units.  The 
holders  HI  and  H2  are  situated  above  the  thermal 
evaporation  units,  each  having  two  evaporators,  and  the 
holder  H3  is  situated  above  the  magnetron  spraying 
unit.  The  holders  H4-H6  are  in  a  vertical  position,  e.g. 
in  the  plane,  which  is  perpendicular  to  the  support 
plane  (2).  This  position  of  the  holders  H4-H6  is  de¬ 
termined  by  the  form  of  the  guide  (4)  at  a  given  section 
of  the  support  movement.  The  ion  cleamng  unit  (5)  is 
situated  opposite  the  holder  and  is  parallel  to  it.  The 
holder  H5  is  in  such  a  position  that  due  to  the  form  of 
the  guide  (4)  in  the  given  sector  of  the  support  anti¬ 
clockwise  movement  (between  H4  and  H6).  there  occurs 
a  180°  holder  turn  with  respect  to  Us  longitudinal  axis. 
Preheating  of  substrates  and  their  rapid  isothermal  heat¬ 
ing  using  the  electron  beam  from  the  heater  (6)  occurs 
when  the  holder  is  in  the  position  H6.  Due  to  the  form 
of  the  guide  in  the  sector  between  H6  and  HI  and  the 
holder  hinge  attachment  to  the  support  (2),  the  holders 
exchange  their  vertical  position  for  a  horizontal  one, 
with  respect  to  the  support  when  it  moves  anti-clock- 
wise,  while  in  the  sector  between  H3  and  H4  the  holder 
changes  its  horizontal  position  for  a  vertical  one.  There¬ 
fore,  with  the  support  rotating,  the  holders  with  the 
substrates  fixed  in  them  move  from  one  treatment  posi¬ 
tion  to  another,  thus  providing  a  double-sided  multiop- 
eratioiial  step  by  step  treatment  of  the  substrates  in  a 
single  vacuum  cycle. 


3.  Installation  use 

The  possibilities  of  the  designed  installation  are  well 
illustrated  by  the  process  of  ohmic  junction  formation 
at  both  sides  of  a  GaAs  semiconductor  structure  when 
making  radiating  diodes.  After  a  chemical  treatment 
~  100  [tm  thick  GaAs  structures  were  fixed  in  the 
holders  and  placed  into  the  vacuum  chamber  of  the 
installation.  Them  the  following  operations  were  per¬ 
formed  in  a  single  vacuum  cycle; 

(a)  structure  planar  side  cleaning  by  the  electron  beam; 

(b)  layer  by  layer  spraying  of  the  clean  structure  surface 
with  AuGe-Ta-Au  contact  metal  system; 

(c)  turning  the  components  over  and  performing  the 
above-mentioned  opciutions  on  the  opposite  side; 

(d)  thermal  treatment  using  a  second  electron  beam 
from  the  substrate  side. 

Ohmic  junctions  created  in  such  a  way  have  a  low 
contact  resistance  (2?^  <  10~®  flem^)  and  high  thermal 
stability. 
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The  installation  has  been  successfully  used  for  the 
electron-beam  annealing  of  ion-implanted  GaAs  [6]  and 
Si  [7]  layers,  as  well  as  for  investigations  on  Ge  on 
GaAs  structure  formation. 


4.  Conclusions 

(1)  The  installation  constructed  makes  it  possible  to 
perform  complex  technological  operations  in  a  single 
vacuum  cycle,  thus  providing  engineers  developing  mi¬ 
croelectronic  devices  with  new  possibilities. 

(2)  An  electron-beam  heater  with  a  plasma  emitter 
forming  a  large  cross  sectional  beam,  is  essentially  more 
simple  than  a  heater  with  a  scanning  electron  beam 
from  the  constructional  and  operational  viewpoints. 

Acknowledgements 

The  authors  are  sincerely  grateful  to  Dr.  D.I.  Pros- 
kurovsky  for  his  valuable  suggestions,  and  thank  S.I. 


Beljuk,  V.Ya.  Martens  and  Yu.V.  Pomitkin  for  their 
help  in  creating  the  installation. 


References 

(1]  U.  Iversen,  Electronics  62  (1989)  3. 

{2)  K.  Char,  A.D.  Kent,  A.  Kapitulnik,  M.R.  Beasley  and  T  H 
Geballe,  Appl.  Phys.  Lett.  51  (1987)  1370. 

13]  Yu.E.  Kreindel,  V.Ya.  Martens  and  V.Ya.  S’edin,  Pnb. 
Tekh.  Eksp.  4  (1982)  178. 

[4)  S.P.  Bugaev.  Yu.E.  Kreindel  and  P.M.  Schanin,  in;  Elec¬ 
tron  Beams  with  Large  Cross  sections  (Energoatomizdat, 
Moscow,  1984)  p.  112. 

15]  R.A.  McMagon,  D.G.  Hasko  and  X.  Ahmed,  Pnbory  dlya 
Nauchnykh  Issledovanii  [Apparatus  for  scientific  investiga¬ 
tions)  6  (1985)  136. 

[6]  D.  Panknin,  N.l.  Lebedeva  and  D.I.  Pr-oskurivsky,  Ab¬ 
stracts  Symp.  on  Microelectronics,  Minsk,  USSR,  1988,  p. 
42. 

|7]  V.S.  Budishevsky,  R.  Grdtchel,  V.A.  Kagadey,  N.l.  Le¬ 
bedeva,  D.I.  Proskurovsky  and  E.B.  Yankelevich.  Phys 
Res.  8(1988)  262 


VII.  TRENDS  &  APPLICATIONS 


884 


Nuclear  Instruments  and  Methods  in  Physics  Research  B5i  (1991)  884-887 

North-Holland 


A  plasma  immersion  ion  implantation  reactor  for  ULSI  fabrication 

X.Y.  Qian,  D.  Carl,  J.  Benasso,  N.W..  Cheung  and  M.A.  Lieberman 

Plasma  Assisted  Materials  Processing  Laboratory.  Department  of  Electrical  Engineering  and  Computer  Sctences,  University  of  California, 
Berkeley.  CA  94720,  USA 


I.G.  Brown,  J.E.  Galvin  and  R.A.  MacGill 

Lawrence  Berkeley  Laboratory,  University  of  California,  Berkeley,  CA  94720,  US.4 


M.I.  Current 

Applied  Materials  Inc .  Implant  Division.  MS0907,  }050  Bowers  Avenue.  Santa  Clara,  CA  95054,  USA 


A  plasma  immersion  ion  implanation  (Pill)  reactor  compatible  with  integrated-circuit  fabncation  has  been  developed  Using  this 
system,  metallic  impurity  gettering  with  a  noble  gas  plasma,  sub-l(X)-nm  p  +  /n  junction  formation  with  SiF4  plasma  for 
preaiiiorphization  and  BFj  plasma  for  doping,  trench  conformal  p+  doping,  and  Pd  lon  seeding  implantation  for  selective  Cu 
electroless  plating  were  successfully  earned  out.  The  Pill  system  consists  of  an  electron  cyclotron  resonance  plasma  source,  a 
processing  chamber  with  wafer  bias  supply,  a  sputtenng  target  with  bias  supply,,  gas  handling  and  plasma  diagnostic  tools.  The 
apparatus  is  desenbed  m  this  paper.  Plasma  characterization  and  reactor  performance  are  also  presented. 


1.  Introduction 

Plasma  immersion  ion  implantation  (PHI)  has  been 
used  to  implant  nitrogen  and  metallic  impurities  into 
the  surfaces  of  machine  parts  to  improve  corrosion  and 
wear  resistance  [1.2].  PHI  possesses  several  desirable 
characteristics  such  as  large  dose  rate  (up  to  tens  of 
mA/cm^).  large  implant  area  and  a  wide  range  of 
implanation  energy  (eV  to  100  keV).  Pill  is  also  capable 
of  implantating  targets  with  irregular  shapes,  and  allows 
for  rapid  changing  or  combination  of  various  ion  species 
and  adjustment  of  beam  angular  distribution  by  varying 
the  gas  pressure.  These  properties  make  Pill  very  at¬ 
tractive  for  fabricating  ultralarge-scale  integration 
(ULSI)  device  aiructures. 

A  prototype  Pill  reactor  dedicated  to  integrated-cir¬ 
cuit  processing  has  been  developed  at  the  University  of 
California.  This  system  has  successfully  demonstrated 
metallic  impurity  gettering  with  noble  gas  implantation 
[3,4],  sub-lOO-nm  p  +  /n  junction  formation  with  SiF4 
plasma  for  preamorphization  and  BF3  plasma  for  p  + 
doping  [S],  trench  conformal  doping  with  BF3  plasma 
[6],  and  seeding  layer  implantation  using  Pd  ions 
sputtered  from  a  solid  target  for  selective  Cu  electroless 
plating  [7] 

2.  Reactor  description  and  ion  density  measurements 

Fig.  1  shows  a  schematic  of  the  prototype  PHI 
reactor.  The  system  consists  of  five  subsystems;  (1)  a 


2.45  GHz  microwave  power  supply  with  power  adjusta¬ 
ble  from  0  to  800  W  and  a  matching  network.  (2)  an 
electron  cyclotron  resonance  (ECR)  plasma  source,  (3)  a 
processing  chamber  with  wafer  holder  and  bias  supply, 
(4)  gas  handling  units  and  (5)  plasma  diagnostic  tools. 
Both  the  ECR  chamber  and  the  processing  chamber 
were  fabricated  with  aluminum.  The  inner  diameter  of 
ECR  chamber  was  7.6  cm.  To  compensate  for  plasma 
heating,  the  source  chamber  was  constructed  with  a 
cooling  water  jacket.  Microwave  from  the  power  supply 
was  transmitted  via  WR284  rectangular  waveguide  into 
the  ECR  chamber  through  a  quartz  window.  The  reac¬ 
tor  was  pumped  to  a  base  pressure  of  10"^  Torr  before 
the  working  gas  was  introduced.  The  gas  pressure  in  the 
ECR  chamber  could  be  controlled  in  the  0.1-10  mTorr 
range  with  a  pressure  controller.  An  ECR  zone  was 
generated  at  the  center  of  the  source  chamber  by  an 
applied  magnetic  field  of  875  G  with  a  mirror  field 
configuration.  The  plasma  density  was  adjusted  by  vary¬ 
ing  the  microwave  power.  The  processing  chamber  could 
accommodate  three  different  wafer  lolders  designed  ior 
2  and  4  in.  wafers  and  irregular  slices.  The  wafer 
holders  were  made  of  A1  blocks  for  heat  ab.sorption;  no 
special  wafer  cooling  was  used.  The  wafer  holder  could 
be  biased  with  a  negative  pulsed  high  voltage  (pulsed 
mode)  or  a  negative  dc  voltage  (dc  mode),  as  discussed 
later. 

Langmuir-probe  measurements  using  Laframboise’s 
analysis  [8]  were  carried  out  to  evaluate  the  ion  density 
in  the  reactor.  It  was  found  that  the  ion  density  was  a 
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Fig.  1.  Schematic  of  plasma  immersion  ion  implantation  appaiatus. 


sensitive  function  of  microwave  power,  magnetic  field 
strength,  gas  pressure  and  species,  probing  position  and 
microwave  tuning  condition.  For  a  full-power  Ar 
plasma,  a  density  of  10' Vcm’  in  the  ECR  chamber  near 
the  resonance  zone  and  10"/cm’  at  the  centerline  of 
the  processing  chamber  near  the  wafer  can  be  achieved. 
Fig  2a  shows  the  ion  density  dependence  near  the  wafer 
versus  forward  microwave  power  for  a  BFj  plasma.  The 
magnetic  coil  current  was  set  at  125  A,  and  the  Lan¬ 
gmuir  probe  was  3.2  cm  from  the  cenler  line  at  the 
plane  where  the  wafer  sits  dunng  normal  implantation. 
The  measured  ion  density  increased  linearly  with  micro- 
wave  power,  and  no  saturation  was  observed.  This 
behavior  has  been  observed  in  other  similar  systems 
with  different  gases  [9,10],  Fig.  2b  shows  the  ion  density 
dependence  versus  BFj  pressure  for  a  forward  micro 
wave  power  of  490  W.  The  measurements  were  taken  at 
the  same  position  as  for  fig.  2a.  The  ion  density  in¬ 
creased  rapidly  with  pressure  from  0.1  to  1  mTorr. 
However,  beyond  a  cntical  pressure  around  1  mTorr, 
the  ion  density  dropped  as  the  pressure  increased,  most 
probably  due  to  ambipolar  ion  diffusion  (to  the  cham¬ 
ber  wall)  at  high  pressures. 


3.  System  performance 

3. 1 .  Pulsed  mode 

A  negative  high-voltage  pulser  using  an  LC  pulse 
line  and  a  high-voltage  step-up  pulse  transformer  was 
connected  to  the  wafer  holder  to  supply  the  bias  voltage 


for  implantation.The  pulse  width  was  approximately  1 
US,  and  the  pulse  repetition  frequency  was  adjustable  up 
to  1  kHz.  Shown  in  fig.  3a  is  a  schematic  of  the 
monitoring  circuit.  The  applied  voltage  was  measured 
with  an  oscilloscope  through  a  1(X)0 : 1  high-voltage 
probe.  The  charge  flow  per  pulse,  including  ions  and 
secondary  electrons,  was  measured  with  an  integrator 
connected  to  a  1  A-to-1  V  current  transformer  (Rogow- 
ski  loop).  Since  the  input  voltage  to  the  integrator.  K,, 
was  much  larger  than  its  output  voltage  Vq.  the  charge 
flow  Q  per  pulse  through  the  wafer  holder  was  equal  to 
RCVq  or  2.2  X  10”‘’Fg.  Thus  the  dose  rate  per  pulse 
[C/cm^]  was  2.75  X  lO'H-p  [V]  for  a  50  cm^  wafer- 
holder  surface  area.  The  total  dose  was  later  calibrated 
against  the  number  of  pulses.  Shown  in  fig.  3b  are 
typical  voltage  pulse  and  implantation  charge  pulse 
measured  with  this  circuit  for  a  BFj  plasma  powered  at 
250  W.  The  measured  total  charge  per  pulse  was  1.8  gC,- 
or  a  dose  rate  per  pulse  of  2.34  X  10"/cm^  with  a  -6.4 
kV  wafer  bias. 

Fig.  4a  shows  the  dose-rate  dependence  on  the  for¬ 
ward  microwave  power  with  various  applied  biases  for  a 
BFj  plasma.  The  pressure  was  set  at  1  mTorr  and  the 
magnetic  coil  current  was  125  A.  The  abrupt  change  in 
dose  rate  between  200  and  300  W  was  due  to  a  plasma 
mode  switch.  Very  similar  results  were  obtained  for  an 
Ar  plasma,  as  shown  in  fig.  4b. 

3.2.  DC  mode 

As  an  alternative  means  of  wafer  biasing,  a  dc  nega¬ 
tive  voltage  can  be  directly  applied  to  the  wafer  holder 
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Fig.  2  (a)  Ion  density  dependence  on  forward  microwave  power  for  p  =  0.1.- 1  and  10  mTorr  BF,  F.CR  plastua.  (b)  ion  density 
dependence  on  BFj  pressure  with  490  W  forward  microwave  power.  In  both  cases,  the  magnetic  coil  current  was  125  A.  The 
Langmuir  probe  was  3.2  cm  from  the  center  line  at  the  plane  where  the  wafer  sits  during  normal  implanation.  BF2'*'  ions  were 

assumed  for  the  ion  density  calculation 


Fig.  3.  (a)  Monitonng  circuit  of  the  pulsed  mode  The  applied  voltage  was  measured  with  an  oscilloscope  through  a  1000:1 
high-voltage  probe.  The  charge  flow  per  pulse  was  measured  with  an  integrator  connected  to  a  1  A-to-1  V  Rogowski  loop,  (b)  A 
typical  voltage  pulse  and  implantation  charge  pulse  measured  with  the  circuit  shown  in  (a). 
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Fig,  4  Do:^e-rate  dependence  on  forward  microwave  power  with  wafer  biases  at  -2.  —4  and  -6  kV  for  a  BFj  plasma  (a)  and  an  Ar 
plasma  (b)  The  pressure  was  set  at  1  mTorr  and  the  magnetic  coil  current  at  125  A 


as  shown  in  the  inset  of  fig.  5  The  bias  voltage  was 
measured  with  a  digital  voltmeter  through  a  1000:1 
high-\oltage  probe.  The  dose  rate  was  monitored  b>  a 
microammeter  serially  connected  in  the  circuit.  In  this 
configuration,  an  extremely  high  dose  rate  can  be 
achieved  For  example,  the  current  density  was  6.1 
mA/cm"  for  a  -  2  kV  bias  at  a  microwave  power  of  650 
W.  corresponding  to  a  dose  rate  of  3  8  X  10'*’ cm"' s''. 
This  high-do.se-rate  capability  is  very  attractive  for  some 
applications  in  ULSI  processing  such  as  backside  im¬ 
purity  gett-’ring.  When  precise  dose  control  is  needed  or 
wafer  iieatmg  has  to  be  minimized,  a  lower  dose  rale 
can  be  used  by  reducing  the  microwave  power. 

4.  Conclusions 

A  plasma  immersion  ion  implanation  (Pill)  reactor 
.  'itable  for  integrated-circuit  fabrication  has  been  de- 
eloped.  The  ion  density  can  reach  lO'*  cm"^  in  the 
cm'’  m  the  processing  cham- 


F.CR  chamber  and  lO" 


MICROWAVE  POWER  (W) 

Fig  5.  Implantation  current-density  dependence  on  forward 
miciowave  power  with  BFj  plasma  in  dc  mode  The  bias 
voltage  was  measured  with  a  digital  voltmeter  through  a  1000  1 
iiign-voltage  probe,  Fhe  dose  rate  was  monitored  by  a  micro¬ 
ampere  meter  serially  connected  in  the  circuit  as  shown  m  the 
inset 


ber.  The  dose  rate  can  be  varied  up  to  5  X  10'  cm'“ 
per  pulse  for  a  -6  kV  bias  or  as  high  as  3.8  X  lO'*’ 
cm  ^s"'  for  a  -2  kV  dc  bias.  The  bias  potential  can 
be  adjusted  from  zero  to  -70  kV. 
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Selective  plating  of  Cu  for  interconnects  was  earned  out  using  plasma  immersion  Pd  ion  implantation  and  Cu  electroless  plating 
Pd  ions  were  sputtered  from  a  negatively  biased  target  and  ionized  in  an  Ar  electron  cyclotron  resonance  (ECR)  plasma.  The  Pd  ions 
were  implanted  into  the  SiO,  substrates  biased  with  negative  high  pulsed  voltages.  In  our  studies,  we  found  the  required  Pd  seeding 
dose  for  Cu  plating  was  on  the  order  of  5  x  '^dh  a  direct  Pd  implantation,  an  intermediate  activation  step  using  a  PdCU 

solution  was  eliminated 


1..  Introduction 

Because  of  its  low  electrical  resistivity  and  good 
electromigration  property,  copper  has  been  proposed  as 

Patterned  Si  Wafer 


the  interconnect  material  of  choice  for  submicron  IC 
metallization  [1].  However,  reactive  ion  etching  of  copper 
is  difficult  because  the  etching  products  are  usually 
non-volatile.  This  constraint  led  to  some  recent  investi- 


Pd  Target 


Ar 


Fig.  1.  Schematic  of  plasma  immersion  Pd  ion  implanter  for  selective  Cu  plating  seeding  layer  formation. 
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gations  of  selective  copper  deposition  by  chemical  vapor  higher  than  with  a  conventional  implanter.  In  ad'^'.ion, 

deposition  [2]  or  electroless  plating  [1].  To  initiate  the  by  choosing  the  proper  substrate  bias  voltage,  .iie  peak 

nucleation  process  for  electroless  plating,  catalyst  atoms  concentration  of  implanted  ions  can  be  on  the  surface 

are  required  as  the  seeds  on  the  Si02  substrate  to  be  so  that  no  intermediate  etching  steps  are  needed  to 

plated.  The  plasma  immersion  ion  implantation  (PHI)  expose  the  profile  peak  for  Cu  plating.  The  gradual 

technique  is  well  suited  for  this  purpose  [3-5J.  With  transition  from  a  Pd-rich  surface  to  a  pure  SiOj  sub- 

PIII,  seed  metallic  materials  can  be  supplied  directly  strate  is  also  expected  to  improve  the  adhesion  of  the 

from  a  sputtering  target  and  implanted  into  the  sub-  plated  Cu  film.  In  this  paper,  we  report  the  feasibility  of 

strate.  The  implantation  dose  rate  of  PHI  can  be  much  using  PHI  to  form  seeding  patterns  for  selective  electro- 


aoo  220  240  260  280  300 


a  WAVELENGTH  (nm) 


200  220  240  26J  280  300 


b  WAVELENGTH  (nm) 

Fig  2  Differential  optical  emission  spectra  from  plasma  immersion  Pd  ion  implanter  with  Ar  pressures  at  10  mTorr  (a)  and  1  mTorr 
(b)  The  emission  from  Ar  has  been  subtracted  Strong  emission  peaks  from  excited  Pd  neutral  atoms  and  Pd  *  are  marked. 
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less  Cu  plating  on  Si02,  and  show  that  direct  Cu  plating 
is  feasible  without  an  intermediate  PdCK  solution 
activation  process. 

2.  Experiments 

A  schematic  of  the  plasma  immersion  Pd  ion  im- 
planter  developed  at  the  University  of  California, 
Berkeley,  is  shown  in  fig.  1.  A  Pd  target  was  introduced 
into  an  electron  cyclotron  resonance  (ECR)  Ar  plasma. 
The  plasma  was  generated  with  700  W  microwave  power 
at  2  45  GHz.  The  magnetic  field  needed  for  the  electron 


cyclotron  resonance  was  supplied  by  two  coils  sur¬ 
rounding  the  ECR  chamber.  The  Ar  gas  pressure  was 
regulated  with  a  pressure  controller  in  the  1-10  mTorr 
range.  A  dc  negative  bias  from  50  to  400  V  was  applied 
to  the  Pd  sputtering  target;  sputtered  Pd  atoms  were 
ionized  in  the  Ar  plasma.  An  optical  emission  spec¬ 
trometer  was  used  to  monitor  photoemission  from  neu¬ 
tral  and  ionized  species.  A  pulsed  negative  bias  of 
several  kV  was  applied  to  a  Si  wafer  in  the  downstream 
plasma  to  facilitate  the  implantation  process. 

Blanket  and  patterned  S1O2  substrates  were  used  for 
this  Pd  PHI  implantation  study.  The  Si02  substrate  film 


Fig.  3  RBS  spectra  of  two  samples  implanted  with  Pd  and  Ar  using  Pill  Both  samples  were  implanted  in  a  10  mTorr  Ar  plasma.  The 
Pd  large!  bias  was  -60  V  dc'  The  wafer  was  biased  with  1  gs  pulses  at  1  kHz  The  pulse  peak  was  at  -6  kV  RBS  .spectra  were  taken 
with  a  2  MeV  He  beam  at  a  normal  incident  angle  to  the  wafer  surface  No  plating  of  Cu  was  ob.served  in  30  min  for  the  samples  with 
a  Pd  dose  of  1  8  X (a)  The  sample  with  a  Pd  dose  of  4  5  X  lO'Vem^  rapidly  seeded  Cu  (b) 
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was  formed  on  Si  wafers  with  wet  oxidation  at  1000  °C 
for  2  hours.  Rutherford  backscattering  spectroscopy 
(RBS)  was  used  to  analyze  implanted  Pd  and  Ar  pro¬ 
files.  The  electroless  Cu  plating  was  performed  in  a 
mixture  of  CUSO4  and  KCN  solution  [6].  In  the  case  of 
patterned  SiOj  substrates,  a  photoresist  stripping  step 
was  added  before  Cu  plating. 


3.  Results  and  discussion 

Optical  emission  spectroscopy  was  carried  out  with 
Ar  plasma  at  various  pressures  and  target  biases.  Shown 
in  fig.  2  is  a  pair  of  differential  spectra  where  the 
emission  from  Ar  has  been  subtracted.  Emission  lines  at 
wavelenp*hs  of  244.7,  247.6  and  276.3  nm  from  excited 
Pd  neutral  atoms  are  prominent.  The  intensities  from 
these  peaks  are  similar  for  Ar  pressures  of  1  and  10 
mTorr.  However,  emission  lines  from  Pd  ions  at  248.9 
and  249.0  nm,  249.9  and  250.6  nm,  and  255.2  nm  for 
the  case  of  Ar  pressure  of  10  mTorr  in  fig.  2a  are  more 
pronounced  than  at  1  mTorr  as  shown  in  fig.  2b.  This 
increase  of  Pd  ionization  with  higher  gas  pressure  is  in 
agreement  with  the  ion  density  measurements  where  a 
higher  plasma  density  has  been  found  in  a  10  mTorr  Ar 
plasma  [7]. 

Blanket  Si  wafers  with  1  gm  SiO,  were  used  for  the 
initial  Pill  and  plating  condition  studies.  Shown  in  figs. 
3a  and  3b  are  RBS  spectra  of  two  samples  implanted 
with  Pd  and  Ar  using  Pill.  Both  samples  were  im¬ 
planted  in  a  10  mTorr  Ar  plasma  at  700  W.  The  Pd 
target  was  connected  to  a  dc  power  supply  at  -60  V;, 
500  mA  target  current  was  measured.  The  wafer  was 
biased  to  a  -  6  kV  peak  potential  at  1  kHz  with  a  high 
voltage  pulser.  The  pulse  width  was  1  pa  It  was  found 
that  for  such  a  low  energy,  both  Ar  and  Pd  were 
implanted  in  the  Si02  surface.  The  electroless  Cu  plat¬ 
ing  was  performed  at  72 °C  with  a  pH  value  of  the 
plating  solution  equal  to  13.  No  plating  of  Cu  was 
observed  with  more  than  30  minutes  of  plating  time  for 
the  samples  with  a  Pd  dose  of  1  8  X  10'‘*/cm^  as  mea- 


Plating 


No  Plating 

1x10^^ 


i  ’  i  r ; ; 

J  .iJ 

1x10’* 


i-i  11 

1x10'* 


Pd  Dose  Measured  by  RBS 
Fig.  4.  Threshold  Pd  dose  for  electroless  Cu  plating 


Cu  Plating  Solution 


Fig  5  Process  sequence  of  seleclive  Cu  plating'  (11  Wet 
oxidalion  followed  by  pholoresist  palternip.g  and  reactive  ion 
etching;  (2)  Pd  ion  implantation  and  photore.sist  removal;  (3) 
electroless  Cu  plating 


sured  by  RBS.  However,-  the  sample  with  a  slightly 
higher  Pd  dose  of  4.5  X  lO'^cm^  rapidly  seeded  Cu. 
Fig.  4  shows  that  a  threshold  Pd  dose  at  (3-4)  X 
10’'’/cm^  is  required  for  Cu  plating  to  occur.  The  plated 
Cu  films  are  continuous  with  mirror  finishes 

For  multilevel  interconnection  technology,  maintain¬ 
ing  a  planar  interconnect  structure  will  improve  lith¬ 
ography  definition  and  metal  step-coverage  The  pro¬ 
cess  flow  of  planarized  Cu  interconnect  based  on  elec¬ 
troless  plating  IS  shown  in  fig.  5.  Si  wafers  with  1  pm 
thermal  SiOi  were  patterned  with  photoresist.  Then, 
4500  A  deep  trenches  on  the  SiOj  layer  were  formed 
with  dry  etching.  Pd  ion  implantation  was  earned  out  in 
the  Pill  reactor  with  the  patterned  photoresist  as  im¬ 
plantation  mask.  After  the  mask  was  stopped,  Cu  elec¬ 
troless  plating  was  performed.  Fig.  6a  shows  an  optical 
micrograph  of  the  Cu  film  grown  in  the  Pd  implanted 
trenches.  The  Cu  plated  lines  shown  were  2  pm  wide 
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Fig  6.  Optical  (a)  and  scanning  electron  microscopy  (b)  pic¬ 
tures  of  Cu  plated  trenches 


and  no  Cu  plating  was  found  on  the  S1O2  surface.  In 
fig  6b,  the  scanning  electron  microscopy  micrograph 
shows  that  the  plated  Cu  was  about  2000  A  thick. 


4.  Conclusion 

We  have  demonstrated  the  selective  plating  of  Cu 
interconnects  using  Pd  Pill  for  the  seeding  process  The 
required  Pd  PHI  dose  is  on  the  order  of  (3-4)  x 
10’*/cm^.  With  direct  Pd  implantation,  an  intermediate 
activation  step  using  a  PdCl2  solution  is  not  necessary. 
Other  implanted  species  such  as  Pt,  Au  and  Cu  are  also 
expected  to  work  with  this  selective  plating  process. 
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A  metal  vapor  vacuum  arc  (MEVVA)  ion  source  has  been  used  to  implant  Pd  into  SiO,  substiates.  The  ion  implanted  area 
formed  a  seeding  layer  on  which  a  Cu  film  was  successfully  plated  through  an  electroless  plating  process  It  was  found  that  the 
required  Pd  dose  for  Cu  plating  to  occur  is  on  the  order  of  3xlo'^  cm”‘  when  the  implantation  was  performed  with  a  20  kV 
extraction  voltage,  Taking  advantage  of  the  large  pulsed  ion  current  capability  (up  to  1  A)  of  the  MEVVA  ion  source,  the  needed  Pd 
dose  for  seeding  was  achieved  in  minutes.  With  direct  Pd  tmplantation.  an  intermediate  activation  step  using  PdClj  solution  can  be 
eliminated  The  Cu  plating  rate  was  not  a  sensitive  function  of  temperature  and  no  incubation  peruxl  was  found  in  our  expenments. 


1.  Introduction 

Simulation  studies  [1]  on  the  circuit  performance 
have  shown  that  the  delay  time  contributed  by  intercon¬ 
nection  gradually  takes  over  as  the  dominant  factor 
when  the  device  dimensions  go  down  to  the  deep-sub¬ 
micron  regime.  The  low  electrical  resistivity  and  ex¬ 
pected  high  resistance  to  electron  and  stress  migration 
have  made  copper  a  promising  candidate  for  future 
interconnection  material  for  its  superiority  over  alumi¬ 
num  in  operating  speed  and  reliability.  Therefore, 
copper  has  been  investigated  as  a  potential  interconnect 
matenal  for  some  time.  Recently,  the  processing  diffi¬ 
culty  in  patterning  copper  has  been  solved  by  employ¬ 
ing  the  selective  electroless  plating  technique  [IJ.  De¬ 
posited  and  implanted  Si,  W  and  Ti  have  been  used  to 
initiate  the  copper  nucleation  process. 

A  high  current  metal  ion  implantation  facility  using 
a  metal  vapor  vacuum  arc  (MEW A)  ion  source  [2-8] 
has  been  developed  at  Lawrence  Berkeley  Laboratory. 
With  this  apparatus,  the  relatively  high  Pd  dose  needed 
for  the  seeding  process  of  electroless  Cu  plating  can  be 
achieved  in  minutes.  Moreover,  instead  of  depositing  a 
seeding  layer  on  the  substrate,  the  “buried”  seeds  might 


'  On  leave  to  Lawrence  Berkeley  Laboratory  from  SODERN; 
present  address:  SODERN,  1  Ave,  E>escartes,  94451  Limeil- 
Brevannes.  France.  Supported  by  a  grant  from  the  French 
Ministire  des  Affaires  Etrangires,  Bourse  Lavoisier,  and  a 
grant  from  SODERN. 


even  help  the  adhesion  of  the  plated  Cu  film.  In  this 
report,  we  have  demonstrated  that  MEVVA  can  be 
applied  to  form  Pd  seeding  patterns  for  selective  elec¬ 
troless  Cu  plating  on  SiO,  substrates,  and  that  direct  Cu 
plating  is  fea.sible  without  a  PdCl,  activation  step. 

2.  Experiments 

The  MEVVA  ion  source  is  operated  in  a  pulsed 
mode,  with  pulse  width  0.25  ms  and  repetition  rate  up 
to  100  pps.  The  beam  current  can  be  as  high  as  several 
amperes  at  peak  and  around  10  mA  on  a  time  average 
Implantation  was  done  in  a  broad-beam  mode  using  the 
MEWA  ion  source  version  V  without  magnetic  charge- 
to-mass  analysis  of  beam  components,  and  the  ion 
trajectories  were  line-of-sight  from  ion  source  to  target. 

In  fig.  1  a  schematic  of  the  MEVVA  ion  implanter  is 
shown.  The  vacuum  pressure  during  implantation  was 
typically  in  the  low-to-tnid  10“^  Torr  range  The  target 
to  be  implanted  was  introduced  into  the  vessel  through 
an  air  lock,  and  was  mounted  on  a  water-cooled  holder. 
A  magnetically  suppressed  Faraday  cup  can  be  inserted 
into  the  beam  immediately  in  front  of  the  target;  the 
beam  current  can  thus  be  adjusted  prior  to  implantation 
and  the  number  of  beam  pulses  needed  to  accumulate 
the  required  dose  can  be  calculated. 

The  ion  beam  charge  state  distribution  was  measured 
using  a  time-of-flight  diagnostic  technique  [9].  The  de¬ 
tector  measured  the  electrical  current  in  the  different 
charge/mass  (Q/A)  states  and  provided  a  good  mea- 
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Fig  1  Schematic  of  the  MEVVA  ion  implanier 


suretnent  of  the  ion  composition  of  the  extracted  ion 
beam.  An  oscillogram  of  the  time-of-flight  charge  state 
spectrum  for  a  Pd  ion  beam  is  shown  in  fig.  2.  The 
fractions  of  23.  67,  9  and  of  Pd  ions  in  the  beam 
were  in  1  + ,  2  +  ,.  3  +  and  4  +  charge  states,  and 


hence,  with  implantation  energies  of  20.  40,  60  and  80 
keV,  respectively.. 

The  implanted  Pd  profile  was  analyzed  with  Ruther¬ 
ford  backscattenng  spectroscopy  (RBS).  Since  the  im¬ 
plantation  was  performed  at  a  relatively  low  energy,  the 
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Pd  profile  was  shallow.  For  a  20  kV  extraction  voltage, 
the  profile  peak  was  only  26  nm  below  the  SiOi  surface 
with  a  relatively  high  surface  Pd  concentration.  There¬ 
fore,  the  electroless  Cu  plating  was  then  carried  out 
directly,  without  a  stripping  process  to  expose  the  Pd 
peak  concentration.  The  electroless  Cu  plating  bath 
composition  is  as  follows: 


CuS04  -5H20  7.5  g/1, 

NaOH  23  g/1, 

CH20  (37%)  10  ml/1, 

EDTA  25  g/1, 

KCN(1  g  NaOH,  then 
1  g  KCN  to  1 1  water)  10  ml, 

Gafac(3%)  75  ml/1. 


The  pH  value  of  the  plating  solution  was  13.  With 
formaldehyde  as  the  reducing  agent,  the  overall  electro¬ 
less  plating  process  on  the  palladium  surface  can  be 
resolved  into  two  electrochemical  half  reactions  (10): 

HCHO  -t-  30H  -  HCOO  ‘  +  2H  jO  +  2e  ' , 

Cu^*+2e--.Cu. 

By  directly  using  Pd  as  the  seeding  for  electroless  plat¬ 
ing,  we  eliminated  the  need  for  PdCl2  treatment  con¬ 
ventionally  employed  to  activate  the  substrate  before 
plating.  This  not  only  simplifies  the  electroless  plating 
to  a  one-step  process,  but  it  also  eliminates  the  possibil- 


surface  area  were  used  The  "plated  Cu"  means  the  total 
amount  of  Cu  deposited  on  the  wiiole  Pd  foil  m  the  indicated 
time  period.  The  plating  bath  was  kept  at  60°C 

ity  of  undestrable  metal  deposition  on  nonselected  area 
in  the  substrate. 

3.  Results  and  discussion 

It  has  be  n  reported  that  the  rate  constant  of  the 
oxidation  reaction  is  an  exponential  function  of  temper¬ 
ature  [11],  To  study  the  sensitivity  of  Cu  deposition  rate 
on  tempet  .iture  variation,  we  have  conducted  a  series  of 
electroless  plating  experiments  at  vanous  temperatures. 
Pure  Pd  foils  with  5  cm^  surface  area  were  plated  in  the 


T('C) 

84.1  71.8  60.3  49.6  39.5  30.1  21.1 


Fig.  3.  Cu  deposition  rate  versus  temperature.  Pure  Pd  foils  with  5  cm^  surface  area  were  used.  The  “plated  Cu”  means  the  total 
amount  of  Cu  deposited  on  the  whole  Pd  foil  in  100  s.  The  calculated  activation  energy  was  0  096  eV. 
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Pd  Dose  Measuied  by  RBS 

Fig.  5.  Cu-plating  behavior  on  Pd  dose,  Pd  was  implanted  into 
SiOj  substrate  with  the  MEWA  implanter  at  a  20  kV  beam 
extraction  voltage.  The  threshold  Pd  dosage  is  on  the  order  of 
3xlO'’cm-2 


bath  at  temperatures  ranging  30  to  70°C  for  100  s.  The 
weigfits  of  the  Pd  samples  were  measttred  before  and 
after  plating.  The  difference  represented  the  amount  of 
plated  copper.  The  results  are  given  in  fig.  3.  On  the 


Cu  Plating  Solution 


1 

1  S102  1 

"  '  ^  ! 

‘■/./'Si':  a; 

*;  •  J 

Fig.  6  The  process  flow  of  selective  electroless  copper  plating: 
(1)  wet  oxidation  followed  by  photoresist  pattern  and  reactive 
ion  etching;  (2)  Pd  ton  implantation  and  photoresist  removal; 
(3)  electroless  Cu  plating. 


semilog  plot,  a  roughly  linear  dependence  is  observed. 
However,  the  activation  energy  was  calculated  to  be 
0.096  eV,  a  rather  small  value  to  have  a  significant 
effect  on  the  plating  rate.  At  60  °C,  the  amount  of 
plated  Cu  was  approximately  1600  pg  in  100  s.  Tliis 
corresponds  to  a  solid  Cu  deposition  rate  of  3.6  nm/s. 
Fig.  4  shows  the  deposition  rate  dependence  versus 
plating  time  on  pure  Pd  foils.  The  plating  bath  was  kept 
at  60  °C.  As  shown  in  the  figure,  copper  grew  almost 
linearly  with  time,  and  no  significant  incubation  period 
was  observed. 

Blanket  Si  wafer  with  1pm  thermal  oxide  was  used 
for  the  initial  seeding  test.  Pd  was  implanted  into  Si02 
substrates  at  various  doses  from  5  X  lO’^  to  2  X  lO'** 
cm"^  with  the  MEVVA  implanter  using  a  20  kV  beam 
extraction  voltage.  As  shown  in  fig.  5.  a  threshold  Pd 
dosage  on  the  order  of  3  x  10'^  cm~^  was  required  for 
Cu  plating  to  occur. 

For  multilevel  interconnection  technology,  maintain¬ 
ing  a  planar  structure  would  facilitate  the  metallization 
by  eliminating  processing  steps  such  as  planarization. 
Therefore,  selective  Cu  plating  on  trenches  with  Pd 
implanted  seeds  was  tested.  The  experimental  procedure 
IS  shown  in  fig.  6.  A  SiOj  substrate  film  was  formed  on 
Si  wafer  with  wet  oxidation  at  1000°C  for  2  h.  Photore¬ 
sist  was  used  as  mask.  Then,  0.45  pm  deep  trenches  on 


Fig.  7.  Optical  picture  of  selective  electroless  Cu  plated  on 
Pd-implanted  trenches.  The  Cu-plated  lines  seen  in  the  picture 
are  2  pm  wide. 
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SiOj  film  were  fabricated  with  dry  etching.  Pd  ion 
implantation  was  carried  out  at  20  kV.  After  photoresist 
stripping  by  acetone,  Cu  electroless  plating  was  per¬ 
formed.  Fig.  7  shows  a  picture  of  Cu  film  grown  in 
Pd-implanted  trenches.  The  Cu  plated  lines  shown  are  2 
|im  wide. 


4.  Conclusion 

We  have  demonstrated  that  selective  Cu  plating  on 
SiOi  substrate  can  be  achieved  with  implanted  Pd  seed¬ 
ing  using  a  high  current  MEVVA  ion  source.  At  20  kV 
extraction  voltage,  the  threshold  Pd  dose  required  for 
Cu  plating  is  about  3  X  lO’’  cm“^.  With  direct  Pd 
implantation,  an  intermediate  activation  step  using 
PdClj  solution  can  be  eliminated.  The  Cu  plating  rate 
was  not  a  sensitive  function  of  temperature  and  no 
incubation  period  was  found  in  our  process. 
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Taking  advantage  of  the  moderate  beam  divergence  angle  of  plasma  immersion  ion  implantation  (Pill),  we  demonstrated 
conformal  doping  of  boron  in  high  aspect  ratio  Si  trenches  A  uniformly  doped  p'^  layer  all  around  the  side  walls  and  bottom  of 
•renches  with  an  a.spect  ratio  of  6' 1  was  observed  with  scanning  electron  microscopy  (SEM)  after  junction  staining  To  lest  the  limit 
of  this  conformal  doping  technique,  an  extremely  high  aspect  ratio  macroscopic  trench  model  (0  5  mm  wide  and  12.5  mm  deep)  made 
with  Si  wafer  slices  was  implanud  using  .similar  PHI  conditions  After  rapid  thermal  annealing,  sheet  resistance  along  trench  top  and 
sidewalls  was  evaluated  with  the  our-point  probe  method  The  average  sheet  resistance  of  trench  sidewalls  was  about  twice  of  that  of 
the  trench  top  The  deviation  of  the  sidewall  sheet  resistance  was  ±60%  with  respect  to  the  mean  value. 


1.  Introduction  Plasma 

Doping  of  trench  capacitors  by  ion  implantation  has 
focused  on  the  use  of  multi-step  implants  at  controlled 
beam  incidence  angles  [1-4].  This  approach  has  led  to 
development  of  a  number  of  implanter  de.signs  for 
control  of  implantation  angle  and  changes  in  wafer 
orientation  [5].  With  conventional  ion  implantation 
techniques,  using  a  collimated  ton  beam  at  energies  of 
50  to  150  keV,  effects  of  ion  reflection,  sputtering  and 
damage  compound  the  stringent  alignment  require¬ 
ments  imposed  by  the  high  aspect  ratio  geometnes  of 
trench  capacitors  [4.5]. 

This  work  describes  a  fundamentally  different  ap¬ 
proach  to  trench  doping  using  a  directly  extracted  beam 
from  a  plasma,  referred  to  as  plasma  immersion  ion 
implantation  (Pill),  to  achieve  conformal  doping  pro¬ 
files  throughout  the  trench  sidewall  surface  area  [6].  The 
use  of  PHI  has  been  demonstrated  for  metallurgical 
surfaces  and  semiconductor  processing  [7-10],  Since  the 
PHI  beam  is  believed  to  have  an  angular  divergence  of 
at  least  several  degrees  with  operation  in  the  mTorr 
pressure  range,  it  will  have  an  advantage  over  conven- 
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tional  implantation  with  collimated  beams.  Fig.  1  shows 
the  schematic  of  the  trench  doping  technique  using  the 
beam  divergence  characteristics  of  PHI.  The  trench 
samples  were  immersed  in  a  BFj  plasma,  with  a  nega¬ 
tive  high  voltage  applied  to  the  substrate.  Ions  in  the 
plasma  sheath  were  accelerated  by  the  negative  poten¬ 
tial  and  implanted  into  the  wafer.  Since  the  gas  pressure 
was  maintained  in  the  mTorr  range,  the  accelerated  ions 
presumably  have  a  mean  free  path  of  several  cm  due  to 
the  charge  transfer  and  elastic  scattering.  Therefore,  a 
certain  angular  distribution  of  bombarding  ions  is  ex¬ 
pected.  The  full  width  at  half  maximum  of  this  angular 
distnbution  was  found  to  be  about  3°  at  a  gas  pressure 
of  1  mTorr  with  -  500  V  bias  according  to  computer 
simulation  results  from  a  Monte  Carlo  simulator  PDPl 
developed  at  UC  Berkeley  [11]. 


2.  Experiment  and  results 


Plasma 


SI  Wafer 


X=12.5  mm 


0.5  mm 


Nagatlva  Bias 

Fig.  3.  Sample  geometry  to  simulate  the  trench  on  a  macro¬ 
scopic  scale. 


The  prototype  Pill  reactor  used  in  this  study  con¬ 
sists  of:  f,l)  an  800  W,  2.45  GHz  microwave  power 
supply,  (2)  an  electron  cyclotron  resonance  (ECR) 
source,  (3)  a  processing  chamber  with  wafer  holder  and 
bias  supply,  and  (4)  gas  handling  and  diagnostic  tools. 
The  reactor  was  pumped  to  a  base  pressure  at  10'"' 
Torr  before  BF,  was  introduced  into  the  chamber.  The 
gas  pressure  was  controlled  in  the  mTorr  range.  An 
ECR  zone  was  generated  at  the  center  of  the  source 
chamber  by  an  applied  magnetic  field  of  875  G.  The 
plasma  density  was  adjusted  by  varying  the  microwave 
power  input  to  the  ECR  chamber.  A  negative  dc  or 
pulsed  high  voltage  was  connected  to  the  wafer  holder 
to  supply  the  bias  voltage  for  implantation.  In  pulsed 
mode,  the  charge  flow  per  pulse  was  measured  with  an 
integrator  connected  to  a  current  transformer  (Rogow- 


Fig.  2.  Cross  section  SEM  picture  of  Si  trench  doped  in  BF3 
plasma  using  Pill.  The  pressure  was  maintained  at  5  mTorr 
and  the  wafer  bias  was  -10  kV  during  Pill.  The  wafer 
accumulated  charge  was  4  mC/cm^. 


ski  loop).  The  total  dose  was  later  calibrated  against  the 
number  of  pulses.  When  a  dc  bias  is  used,  the  dose  rate 
was  monitored  by  a  current  meter  serially  connected  in 
the  circuit.  To  avoid  wafer  heating  and  to  obtain  better 
dose  control,  a  lower  microwave  power  of  100-200  W 
with  a  current  density  of  0.5-1  mA/cm^  was  used  for 
the  dc  mode.  The  detailed  description  of  Pill  apparatus 
has  been  presented  elsewhere  [12]. 

N-type  Si  wafers  were  etched  with  reactive  ion  etch¬ 
ing  to  form  1  pm  wide  and  5-6  pm  deep  trenches.  After 
boron  implantation  in  the  Pill  reactor,,  rapid  thermal 
annealing  (RTA)  in  an  Nj  ambient  at  1060  °C  for  30  s 
was  used  to  activate  the  dopant.  The  annealed  sample 
was  carefully  cleaved  to  expose  the  trench  cross  sec¬ 
tions.  A  Si  etchant  of  30  (HNO3);  1  (HF)  solution  was 
then  used  to  stain  the  p’^/n  junction.  The  boron  dopant 
uniformity  and  p^/n  junction  depth  along  the  trench 
after  staining  were  examined  with  a  scanning  electron 
microscope  (SEM).  Fig.  2  is  a  SEM  picture  showing  the 
cross  section  of  the  doped  trench.  This  sample  was 
biased  with  a  - 10  kV  dc  voltage  during  PHI.  The  BFj 
gas  pressure  was  kept  at  5  mTorr.  The  accumulated 
areal  charge  of  the  implantation  current  was  4  mC/cm^. 
As  seen  from  the  SEM  pictures,  the  trench  top,  side- 
walls  and  bottom  were  uniformly  doped.  The  thickness 
of  the  doped  layer  is  about  2500-3000  A.  Uniformly 
doped  layers  were  observed  in  samples  implanted  with 
-4  kV  and  -2  kV  dc  bias  or  -3.6  kV  pulsed  bias. 
There  was  not  much  difference  in  doped  layer  thickness 
as  observed  with  SEM  within  this  bias  range.  However, 
the  doped  layer  thickness  increased  to  4500  A  for  a 
sample  with  ten  times  the  dose.  This  is  probably  due  10 
the  fact  that  the  implantation  profiles  in  all  cases  were 
very  shallow,  the  dopant  distribution  was  dominantly 
controlled  by  a  driven-in  mechanism  during  RTA,  which 
IS  concentration  dependent.  This  transient  rapid  diffu- 
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Fig  4  Sheet  resistance  of  the  doped  layer  along  a  sidewall  of  the  macroscopic  model  trench. 


sion  of  shallow  boron  dopant  has  been  reported  by 
Qian  et  al.  [13], 


3.  Macroscopic  trench  simulation 

We  have  also  investigated  the  limit  of  Pill  conformal 
doping  with  extremely  high  aspect  ratio.  Since  it  is 
difficult  to  determine  the  dopant  profile  or  carrier  con¬ 
centration  on  a  1  pm  wide,  6  pm  deep  trench  sidewall,  a 
macroscopic  trench  of  aspect  ratio  25:1,  made  with  Si 
slices,  was  used  for  the  study.  Shown  in  fig.  3  is  the 
illustration  of  the  macroscopic  trench.  N-type  CZ  wafers 
with  resistivity  of  10  S2-cm  were  used  to  form  the 
trench.  The  width  and  depth  of  the  trench  were  0.5  and 
12.5  mm  respectively.  BF3  Pill  was  carried  out  with  the 
same  bias  as  for  the  microscopic  trench  sample  shown 
in  fig.  2.  After  RTA  at  1060  °C  for  1  s,  sheet  resistance 
along  trench  top  and  sidewalls  were  evaluated  with  the 
four-point  probe  method.  The  sheet  resistance  of  the 
doped  layer  on  the  trench  top  was  225  fi/D,  while  the 
average  value  on  the  sidewall  was  436  Q/D.  The  varia¬ 
tion  of  sheet  resistance  along  trench  sidewall  is  shown 
in  fig.  4.  The  area  near  the  trench  bottom  was  doped 
heavier  than  the  area  near  the  trench  top.  This  could  be 
understood  as  a  result  of  ion  multi-reflection  from 
trench  sidewalls  and  bottom.  It  is  well  known  that  when 
an  incident  ion  colhdes  with  a  surface  at  a  glancing 
angle,  the  reflection  probability  is  high.  A  large  portion 
of  the  ion  beam  hitting  the  sidewall  was  presumably 
reflected,  leaving  the  top  part  of  the  sidewall  lightly 
doped.  The  large  dose  on  the  lower  sidewall  can  be 
attributed  to  reflected  ions  from  the  trench  bottom  as 
well  as  from  the  top  part  of  the  sidewalls 

With  our  experimental  PHI  systems,  the  standard 
deviation  of  sheet  resistance  across  a  two  inch  wafer 
was  about  40%  with  a  pulsed  bias.  1  he  uniformity  was 


poorer  in  the  dc  mode,  especially  when  the  bias  voltage 
was  high.  A  much  better  uniformity  is  expected  with  the 
recently  constructed  ten  inch  reactor  tn  UC  Berkeley. 


4.  Conclusions 

We  have  demonstrated  conformal  doping  of  boron 
in  high  aspect  ratio  S'  trenches  using  Pill.  A  uniformly 
doped  p"^  layer  all  around  the  sidewalls  and  bottom  of 
trenches  of  aspect  ratio  6 : 1  was  observed  with  scanning 
electron  microscopy  after  junction  staining.  To  test  the 
limit  of  Pill  for  conformal  doping,  the  macroscopic 
trench  results  showed  that  the  average  sheet  resistance 
of  trench  sidewalls  was  about  twice  of  that  of  the  trench 
lop  and  the  deviation  of  the  sheet  resistance  of  sidewall 
was  ±60%  with  an  aspect  ratio  of  25 ;  1. 
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The  ion  projection  lithography  processes  have  been  studied  on  octasilsesquioxanes-based  dry  resists  The  investigations  were 
carried  out  on  an  experimental  ion  projection  lithography  system  in  the  gallium  ion  dose  range  of  10'’-10''’  lons/cm’  Resist 
thickness  was  varied  from  0.01  to  0  3  jim.  It  is  shown  that  the  lithography  process  offers  prospects  for  further  developments  for  VLSI 
technology 


t.  Introduction 

Ion  beam  lithography  (IBL)  offers  new  pro.spects  for 
submicron  device  fabrication  [1]  It  has  been  developed 
in  three  forms-  focused  fPlBL)  [2],  masked  (MIBL)  [3). 
and  ion  projection  lithography  (IPL)  [4],  FIBL  has  a 
very  low  throughput  capability  and  can  be  used  for 
mask  repairing  and  special  device  fabrication.  MIBL 
and  IPL  have  relatively  high  throughput  capabilities 
and  can  be  used  for  VLSI  circuit  manufacturing.  Fur¬ 
ther  progress  in  VLSI  microfabncation  technology  can 
be  achieved  by  the  application  of  the  IPL  process  on 
dry  resists.  This  process  can  be  realized  fully  automati¬ 
cally  and  could  lead  to  cost-effective  VLSI  production 
The  logical  extension  of  IPL  is  ion  projection  im- 
plantography  (IPI),  which  is  a  process  of  local  ion 
implantation  in  the  1C  construction  matenals  to  form 
areas  with  desirable  geometncal  sizes  and  physical  and 
chemical  properties  However,  IPI  can  only  find  appli¬ 
cations  in  the  resistless  technology  of  VLSI  manufactur¬ 
ing  once  a  number  of  fundamental  and  technical  prob¬ 
lems  have  been  solved. 

This  paper  describes  the  results  of  mvestigation.s  of 
the  MIBL  process  on  dry  negative  resists. 


2.  Exposure  apparatus 

Exposure  was  carried  out  with  an  ion  beam  con 
denser  lens  system  which  was  part  of  an  IPI  machine 
The  ion  beam  condenser  system  consists  of  a  liquid 
metal  ton  source,  an  ion  optical  system  for  forming  a 
parallel  homogeneous  ion  beam,  and  an  arrangement 


for  precise  conjunction  of  silicon  stencil  mask  and  resist 
co.ited  wafei.  It  has  the  following  specifications:  ion 
species  Ga\,.  Al*..  P^,  B^;  ion  energy  5-20  keV,,  ion 
current  0.1-50  uA;  ton  beam  divergence  less  than  lO"*; 
image  field  diameter  60  mm:  dose  non-uniformity  less 
than  3.0%;  distance  between  mask  and  wafer  5-1000 
|im. 

For  preparing  silicon  stencil  masks  a  special  technol¬ 
ogy  based  on  electron  beam  lithography  methods,  ion 
implantation,  dry  selective  etching,  and  vacuum  metalli¬ 
zation  was  used.  The  stencil  masks  had  the  following 
characteristics,  thickness  0.5-4. 5  jtm;  field  size  45  x  45 
mm’,  vertical  absorber  wall  profiles:  size  of  elements 
(openings)  up  to  0.5  pm.  mismatching  of  different  ma.sks 
less  than  0.3  jim.  ion  resistance  up  to  lO'^  lons/cm’ 


3.  Two-level  resist  system  for  MIBL 

To  perform  the  MIBL  process  on  dry  resist  it  is 
desirable  to  u.se  a  two-level  resist  system.  The  first  layer 
IS  a  thick  organic'  resist  which  flattens  out  surface  fea¬ 
tures.  It  IS  a  radiation  insensitive  layer.  The  second  layer 
is  a  uniform  thin  radiation  sensitive  dry  resist.  The 
pattern  is  transferred  to  this  top  resist  which  can  be 
developed  normally  A  final  reactive  ion  etching  m  Oj 
etches  the  thick  nonimiiorm  organic  resist  layer  under 
the  mask  of  the  dry  resist.  This  dry  etching  procedure  is 
highly  anisotropic'  so  the  original  pattern  is  transferred 
linearly  through  the  thick  resist 

The  first  layer  of  polystyrene  was  deposited  on  a 
silicon  wafer  by  plasma  enhanced  polymerization  of 
styrene  from  He  and  CCI4  gas  mixture  under  0.5  Torr 
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Fig  1.  SEM  photograph  of  a  silicon  stencil  mask  with  1  0  gm  openings. 


and  100  W  rf  power  conditions  Reactive  ion  etching 
was  carried  out  in  O,  gas  under  2  x  10'^  Torr  and  5o0 
W  rf  power  conditions. 

The  dry  negative  resist,  which  belongs  to  the  class  of 
octasilsesquioxanes,  was  deposited  in  a  specially  desig¬ 


ned  module  by  vacuum  thermal  evaporation  at  150°C 
The  module  of  dry  resist  deposition  had  the  following 
characteristics:  resist  thickness  0.01-0.6  gm,  thickness 
nonuniformity  5^,-  wafer  diameter  up  to  100  mm,  par¬ 
ticle  contamination  in  the  range  of  0.05-0.3  parti- 


Fig  2  SEM  photograph  of  1  0x10  gm'  patterns  formed  in  a  1  0  gm  thickness  two-level  resist  system 
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cles/cm^  with  diameter  more  than  0.3  |im.  Develop¬ 
ment  of  the  dry  resist  was  carried  out  in  a  specially 
designed  module  by  heating  the  exposed  wafers  in 
vacuum  at  107  "C.  All  process  modules  could  be  in¬ 
tegrated  in  one  line  of  dry  electron  or  ion  lithography 
with  a  vacuum  wafer  transport  system. 


4.  Experimental  results 

In  the  experiments  with  dry  resists,  the  dry  resist 
thickness  was  varied  from  0.01  to  0.3  pm.  In  the  experi¬ 
ments  with  a  two-level  resist  system,  the  thickness  of  the 
bottom  layer  was  varied  in  the  0.3-3.0  pm  range,  and 
the  thickness  of  the  upper  dry  resist  layer  was  about  50 
nm.  The  dry  resist  was  exposed  to  about  20  keV  accel¬ 
erated  gallium  ions  at  3.5-10.0  pA  current  and  in  the 
10'‘-2  X  10'“*  lons/cm^  dose  range.  Exposure  was  ear¬ 
ned  out  through  a  silicon  stencil  mask  with  a  test 
pattern  in  the  form  of  rectangular  1.0  x  10.0  pm^  holes 
with  a  2.0  pm  penod  over  the  40  X  40  mm^  work  field 
(fig.  1). 

The  first  experiments  have  shown  that  the  thickness 
of  the  exposed  and  polymerized  dry  resist  layer  did  not 
exceed  50  nm.  During  the  development  of  thick  dry 
resist  (more  than  100  nm)  the  polymerized  patterns 
became  separated  from  the  silicon  wafer.  This  is  the 
mam  reason  why  two-level  resist  systems  were  used  in 
the  further  experiments.  Fig  2  shows  a  scanning  elec¬ 
tron  microscope  observation  of  1.0  pm  width  lines  and 
spaces  fabricated  in  a  1.0  pm  thick  two-level  resist 


system.  The  measured  dry  resist  sensitivity  is  about 
8  X  lO'^  lons/cm^.  In  the  8  X  10’^-4  X  lO’^  ions/cm^ 
dose  range,  the  two-level  resist  patterns  repeat  patterns 
on  the  silicon  stencil  mask  completely.  With  increase  in 
dose  from  4  X  10'^  ions/cm^  to  2  X  10'“  ions/cm^.  the 
pattern  dimensions  increase  by  about  0.1  pm.  In  com¬ 
parison  with  electron  projection  lithography,  MIBL  does 
not  require  the  application  of  any  additional  treatment 
after  dry  resist  development  because  of  the  absence  of 
scattering  electrons.  The  two-level  resist  system  ensures 
the  manufacture  of  thick  polystyrene  patterns  up  to  3.0 
pm  thickness  under  a  dry  resist  mask  with  a  thickness 
of  about  30-50  nm. 


5.  Conclusions 

A  two-level  resist  system  with  50  nm  thick  upper 
layer  of  dry  negative  resist,  which  belongs  to  the  class  of 
octasilsesquioxanes,  and  a  lower  0.3-3.0  pm  thick  poly¬ 
styrene  layer  can  be  used  in  fully  dry  MIBL  and  IPL 
processes  for  manufactunng  submicron  VLSI  devices 
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